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1. OUTLINE OF THE THESIS 
The previous works of Martin Koch (1998) and Frings et al. (1999) show the possibility of 
using polysaccharidic matrices in hydrophobic organic solvent to perform enzymatic 
reactions. Theses two-phase systems allow a strong partition of polar substrates in the 
aqueous phase and an easy recovery of hydrophobic products in the organic phase. Enzymes 
and cofactors, which are insoluble in solvent of high hydrophobicity, remain entrapped 
inside the aqueous phase. Using polymeric matrices as aqueous phases facilitate the handling 
of the immobilized enzyme but also allow to optimize the aqueous phase for optimal 
biocatalysis. In contrary to classical systems involving two (or more) liquid phases, enzymes 
are suspected to be protected against deleterious effect of the organic solvent when 
entrapped in solid hydrogels. 
Despite this knowledge, there is a strong lack of information concerning the phenomena 
really occurring in the gel phase, looking to physical effects of substrates on the matrix and 
on the enzyme, and concerning the interactions between all chemicals and biological 
components, from a systematic and rational approach. 
This work tries to answer theses questions, specially looking to the chemistry of a model 
system, formerly describe in literature (Hertzberg et al., 1992): Lipase from Candida rugosa is 
entrapped in calcium-alginate beads and catalyze the esterification of propionic acid butyl 
ester from butanol and propionic acid provided in the hexane phase (as depicted in Fig 1). In 
contrary to theses authors, an approach of batch reactors is preferred to packed-bed column 
previously described. 
The description of the system at the molecular and supra-molecular level is performed as 
well as its feasibility in a scaled-up process is investigated. 
The synthesis of small hydrophobic esters could also be seen as an alternative natural-like 
way of flavor production from classical chemistry, as butanol and propionic could be 
obtained fermentation of Clostridium acetobutylicum and Propionibacterium acidipropionici 
respectively, leading to aroma molecules suitable for the food industry. 
An approach of this system with a mathematical model is realized by the collaborating group 
of Prof. J. Büchs (Lehrstuhl für Bioverfahrentechnik, RWTH-Aachen) in order to provide us 
data and constants inaccessible by classical chemical analysis and to build a predictive model 
of the diffusion-reaction events inside the bead (Heinemann, 2003). 
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The work is performed in parallel with 100-200 µm diameter beads of high surface/volume 
ratio in the view of scaling up the system to a reactor and with 2-4 mm diameter beads 
easier to handle for the determination of the chemicals and physical properties of the system.  
 
 
Fig. 1: Scheme of the immobilized Candida rugosa lipase in calcium alginate beads in hexane, 
catalysing of the esterification of propionate butyl ester.  
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2. THEORETICAL BACKGROUND 
2.1 Heterogeneous biocatalysis 
2.1.1 Heterogeneity in enzyme catalysis 
Interest of enzymes (protein possessing a catalytic activity) for chemical purposes, i.e. their 
use in organic synthesis, was described in the 30´s by Sym (reviewed by Halling and 
Kvittingen, 1999) and re-discovered by Klibanov and co-workers in the 80´s (1986).  It was 
expected for a long time that such biological macromolecules were only catalytically active 
in aqueous solutions. It was revealed not to be true, specially for highly stable enzymes like 
lipases. The introduction of different phases in an enzymatic system leads to abandon the 
classical Michaelis-Menten approach of biocatalysis to include the notions of diffusion 
limitations, solubility, partition or electrostatic repulsion. All are regrouped under the term 
of heterogeneity.  
In a Michaelian kinetics, being mainly performed in aqueous solution, the base axiom is a 
catalysis in a transparent, homogeneous and isotropic media, i.e. all molecules are 
homogeneously dispersed in the reactor (homogeneity) and have the same physicochemical 
properties in all directions of space (isotropy). This could be achieved in well-mixed reactors, 
where diffusion limitations are negligible, with non-immobilized enzymes. 
When diffusion limitations occur, for example in a two-phase system or when enzyme is 
immobilized, the media become non-homogeneous and simple kinetic models don’t reflect 
the reality. Similar considerations should be done when enzyme crystals are used: the 
medium is anisotropic, i.e. all enzymes have the same orientation in space. These systems are 
more studied in terms of heterogeneity than in terms of anisotropy. 
The classical kinetic comportments are only valid in diluted media (ideal systems), i.e. in 
media where the thermodynamic activity could be assimilated to the concentration. In 
contrary to ideal systems, industrial biocatalysis is more interested to deal with highly 
concentrated solutions in order to optimize the space-time-yield factor.  
Studies performed in two-phases systems are mainly based on partition and diffusion of 
molecules from one phase, generally a water-immiscible phase, to another containing the 
enzyme, generally an aqueous phase. 
Like pure enzymes or enzyme crystals, immobilization supports are solid material and are 
strictly a second phase. Their studies should include surface potential (inducing electrostatic 
attraction/repulsion of substrates) because they will induce diffusion limitation near the 
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enzyme. The enzyme local charge itself will influence the attraction/repulsion of 
product/substrate. Actually it is still difficult to study and integration of all electrostatic 
molecular parameters in a mathematical model is nearly impossible. Nevertheless, in a recent 
work, including electrostatic interactions between lipase catalytic pocket and its fatty anion 
product Neves Petersen et al. (2001) was able to explain pH dependence of this enzyme class 
(cf. 2.2). 
 System Ref 
Heterogeneous Enzyme UF-membrane reactor coupled with an 
emulsion membrane reactor for the enantioselective 
reduction of 2-octanone by carbonyl reductases 
Liese et al., 1998 
 Octane-butanol/CTAB/water reversed micelles for 
alcoholysis of lactose or ONPG by β-galactosidase 
Moreno-Beltran et 
al., 1999 
 Eutectic mixture of N-CBZ-L-asp and D-ala-NH2 for 
synthesis of aspartame with α-chimotrypsine 
Kim and Shin, 2001 
 Calcium-alginate beads in hexane for the synthesis of 
butylbutyrate by lipase 
Hertzberg et al., 
1992 
Anisotrop Cross-linked Enzyme Crystals (CLEC) of Subtilisin for 
peptide synthesis in supercritical fluids 
Fontes et al., 2001 
 Yeast Alcohol dehydrogenase immobilized in liquid 
crystals in hexane 
Miethe et al., 1989 
Table 2.1.1.a: Examples of heterogeneous and anisotropic systems in biocatalytic processes. 
2.1.2 Water activity 
2.1.2-A Thermodynamic aspects 
As the first research in this new field were made by chemists for chemicals purposes, enzyme 
were first considered as single catalysts like any other metallic ions, and thus, classical 
thermodynamic was applied to describe the equilibrium. Esterification, one of the most 
simple chemical reaction with a well-known nucleophilic attack mechanism, was often 
chosen as model-system (Fig 2.1.2.a). 
R1
O
OH
R2 OH R1
O
O R2 OH2
Acid Alcohol Ester Water
+ +
lipase
a
b
 
Fig. 2.1.2.a: Ester synthesis (a) and hydrolysis (b) catalyzed by the same lipase 
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From the strict thermodynamic point of view, equilibrium is the ratio of the activity of the 
reactants (equal to the concentration in a diluted media), and one could see that the presence 
of water greatly disadvantage the esterification reaction. By reducing the water content, or 
more exactly the water activity (aw), equilibrium could be shifted toward the synthesis. 
The themodynamical equilibrium is describe by  Equation 2.1.2.b 
alcoholacid
waterester
eq aa
aa
K
⋅
⋅
=  2.1.2.b 
where ai is the thermodynamic activity of the substrate i and is defined as ai = γi•[i] with γ 
the activity coefficient of the specie i. The main difficulty here is to obtain suitable 
coefficients based on the same standard states (Halling, 1994). Mathematical calculation like 
the contribution method (UNIFAC) could partially overcome this problem by creating 
artificial standard state, but ionic species are most of the time unpredictable (Halling, 1994).  
Ideally a system without water is optimal for synthesis (water activity near zero), but a 
minimum of water was shown to be necessary to recover the enzymatic activity (cf. 2.1.2.b). 
Water activity is defined as the ratio of water partial pressure ratio in the gas phase above a 
sample solution to the water partial pressure in the gas phase over a pure water solution. 
The presence of hydrophobic compounds (like organic molecules) or salts in the solution will 
decrease the water activity.  
The determination of water production or water concentration in multi-phase systems is 
always submitted to discussion: In the aqueous phase, the water concentration is often near 
55 moles/liter (diluted solution) but quasi-zero in a water-immiscible solvent phase. 
Nevertheless, quantification in the organic phase remain possible by titration according to 
Karl-Fisher. The aw is near 1 when the solvent is  saturated with water (1 in Fig 2.1.2.c)  
 
Fig 2.1.2c: Water population in different systems with organic solvents. 1: two-phase system, aw≈1, 2: 
Reversed micelle, aw≈1, 3: enzyme in suspension, aw < 1 (Halling, 1994). 
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When the water phase is reduced to emulsions or micro emulsions of the size of the enzyme 
in case of reversed micelles (Melo et al., 2000), water quantification inside such micelles is 
difficult as well a the determination of the water content of the organic phase (2 in Fig 
2.1.2.c) When the enzyme is suspended in the solvent, the water exchanged between the 
different phases in the course of experiments and is also source of mistake (3 in Fig 2.1.2.c) 
(Halling, 1994). 
The logarithm of the partition coefficient between octanol and water (Log Pow) is proposed 
by several authors (Terradas et al., 1993; Wescott and Klibanov, 1994) to describe the 
hydrophobicity of the solvent, and thus its capacity to solubilize water. Its correlation with 
the enzyme activity is nevertheless difficult. When chlorinated solvents specially are used, 
the high activity loss of the enzyme doesn’t correspond to the average log Pow of the solvent. 
For example, Pseudomonas fluorescens lipoprotein lipase lose 92% of its activity in 
dichloromethane (Log Pow 1.25) compared to its activity in benzene (log Pow 2.13) 
(Takahashi et al., 1985). If enzyme powder is directly used in organic solvents, its own 
hydration level could be regarded as a molecular water phase. In such low-water systems, 
the determination of the activity coefficient (and consequently aw) is also dependant of the 
solvatation of substrates in the water forming the hydration shell. Even, if the initial water 
activity can be fixed, its real control in the enzyme surrounding is nearly impossible (Janssen 
et al., 1999). Consequently, each system will present its own difficulties.  
Using water activity to thermodynamically describe the system offer the following 
advantages:  
??As thermodynamic parameter, it reflects the equilibrium position of the reaction and 
reflects the advance of the reaction. 
??It is equal in all the phases of a system, from the solid biocatalyst to the gas phase 
above the solution to the solvent phase itself. 
??It can be measured by a water-sensor or by 1H-NMR (Sarazin et al., 1998) without 
taking any samples in the reaction media. It should be nevertheless noticed than 
these techniques don’t allow space-resolved measurements.  
In this last method (1H-NMR), the water activity was measured as an average peak of 
chemical shift of all hydroxyl species (water, alcohol, and acid) during an esterification 
reaction. As all species are not differentiated by their chemical shifts, a continuous exchange 
of the protons (and consequently of water) between all phases occurs.  
Isotherms of water activity/water content (or molar fraction) could be drawn in each special 
case. In an ideal system, water activity is equal to the water molar fraction. When organic 
solvents are used, two cases occurs (Fig. 2.1.2.d):  
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??When the solvent is water miscible (ethanol for example), the isotherm will be over 
this ideal line meaning that water activity is higher than water mole fraction. 
??With water-immiscible solvents (like ethyl acetate or toluene), a small addition of 
water will greatly increase the water activity until nearly 1 when two-phases are 
formed and will remain constant until the fraction of water is sufficient to solubilize 
all the solvent molecules. The plate observed is the consequence of the equality of 
water activity in all phases (i.e. the organic phase is saturated with water).  
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Fig 2.1.2.d: Water activity in aqueous-organic mixtures as a function of composition. Adapted from 
Halling (1994). 
The system could be pre-equilibrated to a desired water activity by bringing all the 
components under reduced pressure to an atmosphere developed by salt hydrates. Valivety  
et al., (1992a) has shown by this way that higher enzymatic activity of Rhizomucor miehei 
lipase could be obtained when the enzyme was pre-hydrated at low water activity. 
Nevertheless each solvent/enzyme couple (and eventually carrier, Fernandez-Lafuente et al., 
1999) will have different water activity optima (Halling, 1994). In a general way, more the 
solvent is hydrophobic, higher will be the initial enzymatic activity at low water activity 
(Halling, 1994). 
When water sorption isotherm of pure enzyme and of the enzyme/solvent are compared, de 
la Casa et al. (1996) showed that the maximal yield of a bioconversion should be achieved at 
water activity higher than the one corresponding to the intersection of these two isotherms. 
Nevertheless, water activity is not always optimal to predict a maximal reaction velocity and 
for a same velocity, the water activity is function of the solvent (Bell et al., 1997).  
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Some other recommendations are done by Halling (1994) concerning two-phase systems: 
The use of the Log Pow is not always judicious for interfacial enzymes because they are 
always partially solved in the second solvent. Strictly, the system is triphasic instead of 
biphasic (Enzyme/water/solvent) and solubility is a better parameter for the description. 
After strong partition of substrates molecules inside a phase, high concentrations are 
achieved. The use of concentrations is no more valid because the media are no more 
infinitely diluted. Consequently activity should be used, considering the modification of the 
activity of each components will modify the activity of the others. 
2.1.2.-B Macromolecular aspects 
Enzymes are macromolecules which need a certain degree of flexibility to express their 
catalytic function. It is provided by lubricants molecules, especially water. If this is trivial in 
aqueous solution, it becomes important in biocatalysis in low-water media. In anhydrous 
media, enzymatic activity will depend on the number of water molecules present in the 
protein microenvironment. Klibanov (1989) showed that only 50 water molecules per 
subtilisin Carlsberg or chymotrypsin molecule are necessary to obtain full activity in octane, 
when 500 of theses water molecules are necessary to form a water monolayer. 2H-NMR 
titration, based on a proton/deuteron exchange between the solvent and the enzyme, 
performed by Parker et al. (1995) allowed the determination of the number of water 
molecules per enzyme molecule over the whole range of water activity. It is not possible 
with this technique to prove that the exchange between proton and deuteron occurs with all 
water molecules, specially in the case strongly bound water molecules. The exchange with 
carboxyl or amines from the enzyme itself is not taken account, and could lead to an over-
estimation of the water bound to the enzyme.  
The water molecules strongly bound to the enzyme should be regarded as a different water 
species (Parker et al., 1995). The unanswered question is how this water is involved in water 
activity. Does it contribute or should it be considered a different species (i.e. a solid water in 
comparison to liquid water forming a layer) ? 
When water is produced during a reaction (like esterification), the hydratation of the enzyme 
is supposed to increase in water-immiscible organic solvents, leading to a distinct water 
phase around the enzyme. As a new phase is introduced, partition and diffusion parameters 
appear in the system. Water activity will sharply increase when water molecules are in a 
quantity sufficient to posses their natural mobility, leading to hydrolytic side reactions for 
example.  
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As a real water phase, it possesses all usual properties, notably the possibility for protons to 
dissociate (pH). In this micro-phase, substrates will eventually dissociates leading to the 
acidification of the water phase and to a loss in activity (Halling, 2000). The partition of 
bases and acids, and their effects on the enzyme activity is few described. This is mainly due 
to the difficulty to measure (or calculate) the activity coefficient of an ion (and especially 
protons), even in solution. They never partition separately, but they will need to be 
associated with an acid or a base. The lyophilization of the enzyme at a certain pH will 
induce a certain ionisation state but, during the reaction, substrates (acids or bases) will be 
able to protonate/deprotonate the biocatalyst. As ions (carboxylates or ammonium form for 
examples), they will stay in the enzyme surrounding under the probable form of an ion pair 
in the case of low water media catalysis. Modification of the enzyme ionization state will be 
consequently modified (Halling, 2000). Considering protons, Harper and co-workers (2000; 
2001) has developed organo-soluble acid-base buffers and has shown an increase in subtilisin 
Carlsberg transesterification activity at low protonation state (corresponding to enzyme 
ionization state similar to “high pH”). 
In esterification reaction, the production of water show that the border between suspended 
enzyme in organic solvent and two-phases system more difficult to draw. In the case of 
lipases, which are active only at interfaces, the formation of a water phase around the active 
site will lead to further inactivation as long as the enzyme can’t continue to be adsorbed at 
the hydrophobic surface. This is also the case in reversed micelles as the increase of the total 
water content will also lead to an increase of the micelle size (Melo et al., 2000). 
When such water phase exist, thermal agitation of the water molecules as well as the 
enzyme is higher. Thermal inactivation is more likely to occur (Xu et al., 1997). This 
explains why when no water is present (low aw), it is commonly admitted that enzymes are 
more stable (in water immiscible solvent). This could be also seen as a loss in the enzyme 
flexibility. Almarsson and Klibanov (1996) support this idea by adding denaturing co-
solvents (DMSO and formamide) to enzymes (Rhizomucor miehei lipase, Subtilisin) suspended 
in anhydrous solvents. The increase in activity observed was attributed to an enhanced 
flexibility of the enzyme, caused by the co-solvent. Khmelnisky et al. (1991) proposed a 
quantitative criterion to describe the denaturation capacity of an organic solvent. Based on 
the molecular structure of the solvent and disturbance of the water shell of the enzyme, this 
scale nevertheless doesn’t evaluate the denaturation of interfacial enzymes where strong 
contact between the protein and the organic solvent occurs and are necessary for catalysis. 
When immobilized enzymes are used, the properties of the carrier to adsorb a certain 
amount of water should be emphasized. It could play a role as buffer for the water produced. 
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De Martin (1999) and Ebert (1998) propose the use of celite rods as carrier for penicillin 
acylase to control the water activity in toluene. In this special case, the structure of the 
immobilization support (i.e. its pore size) appears to be important. In another study, De la 
Casa and coworkers (2002), decreased the water activity of the enzyme preparation by the 
addition of dextran to Candida rugosa lipase, with identical water content. The advantages of 
this method is, beside an increase in the activity and thermal stability, that a smaller amount 
of water is necessary for the enzymatic synthesis and consequently hydrolysis is prevented 
as well as enantioselectivity increased. Hydrophilic supports like silica beads were also used 
to control the water activity (Bellot et al., 2001). The use of immobilized or free enzymes 
will have different influence on the optimal water activity for a given reaction and should be 
considered.  
Finally, as there is actually a lack of knowledge concerning the description of water activity 
at the real molecular level, the determination of its exact effect on the enzyme structure (and 
activity) is often submitted to speculation (Halling, 2000). 
2.1.2-C Control of water activity 
Water content (and per consequently water activity) could be maintained constant in the 
reaction system by adding hydrate couples (Halling, 1992; Valivety et al., 1992b) or by 
circulating a solvent or a gas pre-equilibrated at a wished aw through a cellulose or silicon 
membrane in the reaction media (Wehjte et al., 1997). In the case of hydrate couples, 
Zacharis et al. (1996) demonstrate a movement of water from the solvent to the salt, with an 
equilibration time greatly shorter than the reaction velocity, validating the use of salt 
hydrates as aw regulators in a reaction process. 
As described earlier, the use of carrier could regulate the water activity and will also provide 
protection against thermal denaturation. 
Nevertheless no universal optimal values of water activity could be defined for known 
lipases. Each enzyme, and more precisely, each enzyme preparation present different 
behavior towards water activity. A recent example was the modification of Candida rugosa 
lipase preparation (mixture of isoforms) by covalent or non-covalent linkage with dextran 
and by de-glycosylation (de la Casa et al., 2002): The isotherms of water sorption show 
different inflexion values for each lipase/dextran preparation. The corresponding activity is 
found to be each time different. Valivety et al. (1992b) also notice that for a same enzyme 
preparation, optimal water activity was different for esterification and alcoholysis/acidolysis. 
In general, optimal water activity are found between 0.3 and 0.6, even if Boutur et al. (1995) 
recently reported a lipase showing esterification properties in nearly pure water. 
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2.2  Lipases: Generalities 
Lipases (EC 3.1.1.3) are hydrolases with the natural catalytic function of the hydrolysis of 
exogenous triglycerides. Their high stability in hydrophobic organic solvents has made 
them one of the favorite biological tools for organic chemist in replacement of their classical 
catalysts (Sarney and Vulfson, 1995; Maugard and Legoy, 2000, Villeneuve et al., 2000). 
2.2.1 Interfacial activation defines a lipase 
Lipases differ from classical esterases by their ability to be activated by interfaces as first 
described by Sarda and Desnuelle (1958): When the substrate concentration increases, 
esterases show a Michaelis-Menten comportment with a saturation function. The lipase 
activity is low at a low substrate concentration, but sharply increase when concentration is 
higher than the substrate solubility, i.e. when hydrophobic interfaces are created by 
triglycerides. This is depicted in Fig. 2.2.1.a. The idea of a direct interaction between the 
enzyme and the interface leading to a conformational modification of the enzyme itself was 
consequently supported (c.f. 2.2.2). 
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Fig 2.2.1.a: Michaelis-Menten comportment of esterases and lipases (adapted from Ferrato, 1997): 
The vertical line indicates the critical micellar concentration of the substrate (CMC) 
Verger (1997) performed the study of interfacial activation on Langmuir-Blogett surfaces in 
order to prevent others effects due to substrate solubility (heterogeneous micelle sizes) and 
consequently solutions containing only monomers of the substrates. For many short 
triglycerides, the interfacial activation is concomitant with the decrease of the surface 
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tension of the solution, i.e. when the system shifts from dilute monomer solutions to a 
micelle or monolayer (air/water) system. The triglycerides form an interface, on which the 
enzyme have to fix or adsorb in order to meet the substrate molecules. Direct contact seems 
to be crucial for activity and was considered as an activation factor to reveal the lipolytic 
activity. If the hydrophilic/hydrophobic interface is necessary, the presence of triglycerides 
is not, and could be replaced by any water immiscible solvent. Many two-phases systems 
have already shown their efficiency (Feliu et al., 1995; Cruz et al., 2001). A qualitative 
parameter, called interface quality,  was used by many authors to describe the different 
systems. This quality includes the surface tension (itself including lipophilicity of amphiphilic 
molecules and/or surfactant), the volume ratio of the different phases and the affinity of each 
specific lipase for each specific interface but stay an empirical description. 
The necessary interface is not limited to solutions but gas/liquid, solid/liquid or solid/gas 
interfaces should also be considered as suitable activators, with respect to the minimal water 
content needed for enzyme mobility. Folmer et al. (1997) studied the adsorption of 
Rhizomucor miehei lipase on the air-water interface and explained how the enzyme could be 
solubilized in the water phase by the formation of complexes between the lipase and an 
amphoteric surfactant (Fig. 2.2.1.b) 
 
Fig 2.2.1.b: Adsorption of lipase at the air-water interface and its re-solubilization in the presence of 
increased surfactant concentrations. 1: Enzyme adsorbed at the interface, 2: Surfactant aggregates 
more with the lipase than with the interface, 3: At the normal CMC, the lipase is re-solubilized, the 
interface is saturated but no micelles are observed, 4: Apparition of micelles at concentrations above the 
CMC (adapted from Folmer et al., 1997). 
Detergents will also induce interfacial activation as shown by Martinelle et al. (1995) with 
the sodium dodecyl sulfate/Humicola lanuginosa lipase tandem. The same lipase could be also 
inhibited when another surfactant is used (pentaoxyethylene octyl ether, Jutila et al., 2000).  
A kinetic study of cutinase from Fusarium solani pisi (a lipase-like hydrolase) shows an 
activation by AOT (sodium bis[2-ethylhexyl]ester sulfosuccinic acid) or CTAB (N-Cetyl, 
N-trimethylammonium bromid) at concentrations ten times smaller than their CMC (critical 
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micellar concentration) and inhibition at higher concentrations (Goncalves et al., 2000). 
Enzyme denaturation was suspected in this special case.  
2.2.2 Three dimensional structure of lipases 
Purified and crystallized lipases present a general α/β hydrolase folding being a central β-
sheet of 8-12 strands linked together by an α-helix. The molecular weight varies from 19  to 
60 kDa for microbial lipases. The active site is protected by a “flap” or “lid” which is a short 
amphiphilic α-helix or loop able to move in presence of interfaces. One face of the enzyme is 
then completely hydrophobic and reveals its active center in the direction of the 
triglycerides whose ester bond could be cleaved. The active center presents also an 
hydrophobic pocket where the fatty acids could be stabilized during the time catalysis takes 
place. Hydrophobic interfaces are consequently activating surfaces, but also adsorbing 
surfaces which could be used for purification. Polypropylene was used in this way by 
Gitlesen and al. (1997) to purify and immobilize twelve lipases. 
The catalytic serine is often placed in the C-terminal position of the β5-strand, inside a 
conserved Gly-X-Ser-X-Gly motive which forms an αβ elbow called catalytic elbow.  
As activity is revealed in the presence of hydrophobic interfaces, systems involving 
supercritical fluids, air/water interfaces or water free hydrophobic solvents are suitable for 
lipases, with respect to the minimal water content needed for enzyme mobility. 
2.2.3 Reactional mechanism 
The catalytic site of lipases is similar to the one of esterases (both are hydrolases). It is based 
on a catalytic triad Asp(Glu)-His-Ser oriented in the same plan (Brady et al., 1990). This 
allow the transfer of proton from the serine to the aspartate via the imidazole ring (Fig 
2.2.3.a). A tetrahedrical intermediate is created after the nucleophilic attack of the Oβ of the 
serine on the carbonyl group of an ester (in hydrolysis or alcoholysis) or an acid (during 
ester synthesis) and a proton is transferred to the imidazole who gives its own proton to the 
aspartate (glutamate) residue. This “proton relay” seems to be common in all serine 
hydrolases. The stable acyl-enzyme (tetrahedrical intermediate) results from the departure 
of the alcohol moiety (in hydrolysis) or of water (in esterification). Hydrolysis and 
alcoholysis/esterification differ in the nucleophile agent able to regenerate the enzyme (i.e. 
substitute the tetraedrical intermediate): The thermodynamic activity of the nucleophile 
(water in hydrolysis, alcohol in esterification or alcoholysis) will direct the reaction toward 
hydrolysis or synthesis. High water activity will consequently favor ester hydrolysis while 
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high alcohol activity tend to favor the esterification. This mechanism shows also the 
possibility of catalyzing alcoholysis, acidolysis or amidation reactions, according to the 
nucleophile used. 
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Fig 2.2.3.a: Catalytic mechanism of serine hydrolases based on the proton relay, described by two steps: 
acylation (upper scheme) and deacylation (lower scheme) of the catalytic serine. X: OH, OR; Nu: 
R´OH, H2O, R´NH2… 
A recent molecular computational study by Neves Petersen et al. (2001), shows the 
importance of the local ionisation of amino acids for the catalytic activity of lipases. By 
modelling nine yet crystallized lipases and esterases, and mapping the electrostatic potential 
distribution on the surface, a global negative charge in the active site was found to correlate 
the higher activity. The authors propose the “electrostatic catapult” theory: When the ester 
is hydrolyzed, the resulting acid is negatively charged (fatty anion) and is consequently 
expulsed from the active site by electrostatics interactions. This repulsion force was 
calculated to be stronger than the interaction between the fatty acid and the specificity 
pocket of the lipase, and consequently a new substrate molecule could be transformed. 
Regarding to the synthesis in hydrophobic media, computational tools are still not able to 
calculate the effect of the solvent. Halling (2000) emphasized the effects of protons and of 
counter ions. As most of synthesis are performed in organic solvents with a low dielectric 
constant, ion dissociation is nearly impossible and enzymes should be considered rather  as a 
complex salt than a poly-ionic molecule. 
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2.2.4 Lipases in biocatalysis 
Lipases could be used to transform triglycerides in natural oils, in order to produce fatty 
acids, or to enrich these first one with fatty acids of dietetic interest. Schmid et al. (1999) 
proposed, as an example among many others, the two-step synthesis of 1,3-oleyl-2-
palmitoylglycerol, by successive alcoholysis and esterification reactions, to prevent infant 
malnutrition (Tripalmitin forms a non-digest soap with calcium ions) whereas Decagny and 
co-workers (1998) proposed the direct alcoholysis of triolein with a stearyl alcohol in order 
to produce wax of cosmetic interest. An applications in biodiesel production is also proposed 
by several authors (Shimada et al., 2002; Lee et al., 2002).  
Lipase offers an equally strong applicability for the synthesis of amphiphilic molecules. 
Classical catalysis usually needs salts or metallic catalysts in the absence of water leading to 
emulsions difficult to separate without addition of huge amount of organic solvent or water. 
Lipases are able to synthesize ester bonds between polar and apolar molecules being at the 
interface between the two phases. This field has strongly developed under the aim to 
produce suitable non-ionic detergents, specially fatty acid sugars (Maugard et al., 1997; Yan 
et al., 1999) but also alkanolamides (Fernández-Pérez and Otero, 2001). Both are easily 
biodegradable, have a good skin tolerance (i.e. they don’t induce skin irritation) and the ester 
(or amide) bond is stable under normal washing conditions. Lipases are usually preferred to 
galactosidases in these processes because of their higher resistance to organic solvents.  
Systems consisting of lipase (Solid) and hydrophobic solvent (liquid) are simple two-phase 
systems which have been used since more than 20 year by chemists for specific reactions.  
Lipases are produced by biological systems and show consequently high and various 
specificity or selectivity (Wescott and Klibanov, 1994): 
??Substrate specificity: The partition of substrate molecules between the active site 
(specificity pocket) and the solvent will determine the selectivity of the enzyme 
between two molecules. In hydrophilic solvents, reaction velocity with apolar 
compounds will be higher than with polar one. This is inversed in hydrophobic 
solvents. In order to distinguish between hydrophobic solvents, the nature of the Van 
der Waals interactions between the enzyme and the substrate seems to be primordial. 
??Enantioselectivity: When racemic substrates are transformed, one enantiomer is 
preferentially converted. This was early explained (Sakurai et al., 1988) by the 
quantity of water needed to be removed from the catalytic site by each enantiomer in 
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order to get into position. However, molecular modelling of intermediates 
demonstrated unfavourable interactions between the non-reactive enantiomer and 
some residues of the lipase itself (steric hindrances). When solvents of low dielectric 
constant are used, constraints on the hydrophilic residues are stronger and the 
enzyme is somehow fixed in one conformation, increasing the enantioselectivity. 
Klibanov also enhanced the enantioselectivity in hydrophobic solvents and even 
reversed it by enlarging the substrate molecule with a salt, creating an ion-pair. 
Enantioselectivity properties of lipase are mainly used in the resolution of racemic 
mixtures: racemic ester is selectively hydrolysed or alcohol is selectively esterified 
with an acid. 
??Prochiral selectivity: The prochiral selectivity concerns mainly the hydrolysis of a 
prochiral diester into a chiral monoester. The difference of solubility of the side 
chains of the prochiral diester in the solvent was proposed by Terradas et al. (1993), 
with a mechanism similar to the one describe for enantioselectivity. The intercalation 
of solvent molecules in the enzyme active site was also suggested to explain a loss in 
the prochiral selectivity. 
??Regioselectivity (i.e. position selectivity): When a substrate molecules contain more 
than one reactive identical chemical function, the enzyme is able to differentiate 
between them. The accessibility for of theses function is mainly directed by steric 
hindrances and by relative solubility of the substrate molecule in the active site and 
in the solvent. It is mainly used in organic synthesis for protecting and de-protecting 
specific chemical functions or in the synthesis of alkylglucosides (Plou et al., 1996). 
??Chemoselectivity: Some substrates molecules present different nucleophilic groups 
which could be used by the lipase. This is also the case when different molecules with 
different chemicals functions are presents. The specificity is suggested to be directed 
by the enzyme itself and by the capacity for the chemical function to contribute into  
hydrogen bounding with the solvent or other substrate molecules. Reichardt (1988) 
suggest that alcohols are better nucleophilic donors in solvents where they don’t 
realize any hydrogen bonds (Hexane, cyclohexane) than in solvent where they could 
be involved in hydrogen bounds (acetone, octanol). 
The availability of different lipase preparations with different specificities has allowed a 
broad range of nucleophile reactions. 
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2.3 Specificity of Candida rugosa lipase 
Candida rugosa (formerly cylindracea) is a non sporogenic, pseudo-filamentous unicellular 
and, more important for biotechnological purposes, non-pathogenic yeast which has the 
particularity to express several isoforms of a lipase. The existence of lipase isoforms was 
described for other yeasts (Candida cylindracea), mould (Geotrichum candidum, Aspergillus 
Niger) or bacteria (Chromobacterium viscosum) but its presence seems to be particularly 
important in the Candida taxon: Aspartic proteinases in C. albicans (Rodier et al., 1999), 
lipases in C. antartica and suspected carbonyl reductase in C. parapsilosis (Hidalgo et al., 
2001). 
Among all lipases used in biotechnology, Candida rugosa lipases (Crl) certainly present the 
most interesting properties, especially a broad substrate range (see below). 
2.3.1 Molecular Biology of Crl 
The first coding sequence of Crl was obtained by Kawagushi and coworkers (1989) under the 
form of a cDNA but it was only in 1992 that Longhi et al. (1992) published the first 
sequence of two genes (lip1 and lip2) issued from a genomic bank. Theses two sequences 
posses a peptide signal (export signal) and no introns. Sequence analysis revealed Geotrichum 
candium lipase and Torpedo marmorata/T. californica acetylcholinesterases as closest proteins 
(45 % and 28% homology respectively) but no homology to other microbial lipases. More 
recently, similarity was also found to a newly described lipase from Galactomyces geotrichum 
(Phillips et al., 1995). 
Isoforms are expressed from different genes which is not the case for Rhizopus miehei or 
Rhizomucor miehei where isoforms results from post-translational processing.  
Later, three more sequences (lip3, lip4 and lip 5) were isolated by Lotti et al. (1993). 
Homology of the sequences is given in Table 2.3.1.a 
 Lip1 Lip2 Lip3 Lip4 Lip5 
Lip1 100     
Lip2 79 100    
Lip3 88 82 100   
Lip4 81 83 84 100  
Lip5 81 77 86 78 100 
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Table 2.3.1.a: Homology sequences in the lip gene family  
Three potential glycosylation were proposed for lip1, lip3 and lip5 and one for lip2 and lip4, 
but only two were documented in the crystalline structure of lip1 obtained by Grochulski et 
al. (1993). 
All sequences encode for a 534 amino acid protein with a 15 amino acid peptide signal (14 in 
Lip2) and are potentially expressed, as revealed by the presence of a TATA sequence. High 
variability was locally founded in the amino acid sequence which allows to distinguish 
clearly between them.  
Amino acids involved in the active center are conserved at the following places: Glu 341, His 
449 and Ser 209 inside a Phe-Gly-Glu-Ser-Ala-Gly motive (αβ elbow). Two disulfide 
bridges (Cys60-Cys97 and Cys268-Cys277), as well as two salt bridges (Arg37-Glu95 and 
Glu172-Arg279) are also present in the gene family and two amino acids are suspected to be 
part of the oxyanion hole: Gly124 and Ala210.  
The lid characteristic of lipases shows an important size (26 amino acid) looking to other 
microbial enzymes like Rhizomucor miehei (7), Rhizopus oryzae (7) or C. antartica B (11) 
lipases.  
Actually, only isoform lip1 was successfully crystallized in open (1CRL, Fig 2.3.1.b right) 
and closed conformation (1TRH, Fig 2.3.1.b left) or with various inhibitors like 2(1R) 
menthylhexylphosphonate (informations are available on the ExPASy Molecular Biology 
Server, www.expasy.ch).  
 
Fig 2.3.1.b: Structure of Candida rugosa lipase (lip1) in open (left) and closed (right) conformations. 
The lid is indicated by an arrow. The protein structure is presented in ribbon form (blue), 
glycosylations in stick form (red). 
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A complete analysis of the three dimensional structure was performed by Cygler and Schrag 
(1999) where the authors show, in addition to general structural features of lipases (see 
2.2.2.), the following important facts: When the conformation changes from closed to open, 
the hydrophobic surface of the lipase increases of about 1300 Å², correlating with the 
probable adsorption on interfaces of the active form. This is the first clear evidence of 
interfacial activation at the molecular level. The hydrophobic cavity where fatty acid 
residues of triglycerides are bound, reveal a L-shaped form more than a straight tunnel, with 
an elbow located exactly where the cis-double bond of oleic acid is found. Specificity, 
however,  was predicted to be linked only to the first carbon atoms of the fatty acid. This 
explains why small substrates like p-nitrophenol butyrate (Ruà et al., 1993) or methyl-
umbelliferone-butyrate (Diaz et al., 1999) could be used to detect enzymatic activity.  
2.3.2 Purification and cloning 
Actually, isoforms are purified from commercial preparations according to the protocol 
published by Ruà et al. (1993). Lip3 (called here Lip B) could be separated from four other 
isoforms (called Lip A) by successive ethanol precipitation, ion exchange and size exclusion 
chromatography. The molecular properties correlate with the ones predicted from the gene 
sequence, and the molecular weight was determined to be ~60 kDa for both fractions (in 
contrast to 57 kDa calculated from the gene sequence). The authors noticed a high 
variability in the sugar content. After hydrophobic interaction chromatography, Lip B was 
found to be more hydrophobic than the other isoforms. It appeared that the second fraction 
was similar to lip1 with different degrees of glycosylation, but presence of others isoforms 
shouldn’t be totally excluded.  
Cloning this valuable enzyme was envisaged by Lotti and Alberghinia´s group (Alberghina 
et al., 1990). Kawaguchi et al. (1989) has previously described an unusual feature in the C. 
rugosa genetic code: The codon CUG is read as a serine instead of a leucine. This is a rare 
codon in the Candida species excepted in C. rugosa where it represent 40% of the transcripted 
serine codons. In the lip1 gene, 20 of the 47 serines, including the ser 209 of the active site, 
are encoded by this way. The expression of the Lip1 gene in Saccharomyces cerevisiae was 
consequently unsuccessful (Fusetti et al., 1996). An approach by total chemo-enzymatic 
synthesis of the lip1 gene was achieved by Brocca and co-workers (1998) followed by the 
correct expression in a methylotrophic yeast attractive for industrial scale production: Pichia 
pastoris. The expressed lipase was found to be less active than commercial preparations, 
probably due to a lower glycosylations degree (Brocca et al., 1998; Brocca et al., 2000). 
2.3.3 Specificity and application 
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The broad substrate spectrum of Crl is supposed to be due to the presence of isoforms. 
Lipase A and Lipase B (c.f. 2.3.2) show different comportment for hydrolysis of p-
nitrophenol butyrate (Plou et al., 1997). Lipase B seems to obey to a Michaelis-Menten 
mechanism but with a Km value higher than the substrate solubility in experimental settings. 
The two isoforms show interfacial activation with triolein as substrate with a more 
pronounced effect for lipase B (the more hydrophobic). Regarding the hydrolysis of 
triglycerides, Crl is able to hydrolyze all the positions as demonstrated by the use of 1,3-
dihexadecyl-ether-2-oleoyl-gylcerol as substrate. When complex oil are used (cocoa butter, 
olive oil), no acyl specificity was observed except that palmitic acid (C16) and oleic acid 
(C18:1∆ 9) are released before stearic acid. Lipases are added during natural oil storage: 
triglycerides are hydrolyzed by the lipase releasing fatty acids, leading to characteristic 
flavor of the oil (Benjamin and Pandey, 1998). 
The synthesis of triglycerides with C18 fatty acids, containing one to six unsaturations, 
reveals a decrease of the activity with the double bonds number. The L-shape of the 
specificity pocket could easily explain this phenomenon. Regarding to synthetic properties, 
Crl seems to prefer short fatty acids and alcohols. The synthesis of aroma esters, composed 
of propionic, butyric, caprylic or caproic acid with ethanol, butanol or amyl alcohol, is 
consequently one of the possible applications of Crl. Applications in fragrance and dairy 
industry is often proposed e.g. for the production of flavor esters in a solvent free system for 
making delicious ice creams (according to authors, Oguntiemein, 1994). Table 2.3.3.a gives 
an overview of some short chain esters with the corresponding aroma.  
Among other processes, synthesis of maltose and lactose-like fatty acids esters, amides or 
non-natural esters (biocides and pesticides) as optically pure enantiomers are also reviewed 
by Benjamin and Pandey (1998). 
In the following years, drugs, previously sold as racemate, should be replaced by 
enantiopure preparations because of possible side interactions of one enantiomer with 
different receptors or different sites in the same receptor.  
The resolution of racemate mixtures with lipases is now a widespread protocol in organic 
synthesis labor. Crl was used in resolution of S-naproxen, S-menthol (Kamiya and Goto, 
1997), or esterification of ibuprofen (Lopéz et al., 2002) or suprofen (Tsai et al., 1999), 
showing a clear S-preference. 
The first structure-activity relationship (SAR) study based on the X-ray structure was 
performed by Manetti and co-workers (2000) with the synthetic lip1 gene. From 
tetrahedrical intermediates structures of lipase binding 1(R or S)-menthyl hexylphosphonate 
(Cygler et al., 1994; Groshulski, et al., 1994; 1LPM and 1LPS structures respectively) and 
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minimal energy calculations of a computed naproxen-methylester-Crl intermediate of both 
enantiomer. The authors conclude than all residues are extrudes from a the active site with 
the S-enantiomer. The R-enantiomer induce conformation changes in the catalytic histidine 
disturbing the planar conformation of the catalytic triad. Specific mutations diminish the S-
enantioselectivity (i.e. increase the R one). Further work will be certainly directed to total 
inversion of enantioselectivity from the S-naproxen to the R-naproxen. 
This work concerning the molecular biology of Crl, published since ten years by various 
groups is a perfect example of the work which will follow in the next year in the molecular 
biocatalysis research area, especially concerning the production of optimized biocatalyst for 
specific reactions. 
Name Formula Flavor 
Acetate isopentyl ester   
 
 
O
O  
Banana 
2-methylvalerat ethyl 
ester O
O  
Green, Berry, Melon, Banana, 
Pineapple 
2-methylbutyrate ethyl 
ester O
O  
Apple, Pear, Strawberry, 
Orange 
2-methyl butyrate hexyl 
ester O
O  
Apple 
Butyric acid ethyl ester O
O  
Strawberry, Banana, 
Pineapple 
3-Hydrohybutyrate ethyl 
ester 
O
OOH  
Grape, Apple, Strawberry 
Isovalerate ethyl ester O
O  
Blueberry, Apple, Rhum 
Butyrate butyl ester O
O  
Banana, Pineapple 
Butylbutyryllactate 
O
O
O
O  
Cream Mild Butter 
Table 2.3.3.a: Some common aroma esters and their natural flavor (Belitz and Grosch, 1999). 
2.4 Enzyme Immobilization 
Enzymes, even when produced by recombinant technology, are still expensive due to the 
purification needed to isolate specific activity. If strategies exist to optimize purification 
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techniques (Selber, 2000), the final amount of pure enzyme obtained is usually still too low 
to allow their use as soluble (or suspension) form in batch process. This is particularly true 
when products are of low added value: Enzyme cost will rapidly overrule the benefits. 
To prevent this waste of enzymes, immobilization is performed, i.e. the development of 
technology to retain the enzyme (or the biocatalyst) inside the reactor. The resulting spatial 
separation of enzymes and substrates/products allows a new utilization of the catalyst but 
also continuous processes. 
2.4.1 Reactivity of amino acids 
Immobilization by covalent linkages to a support could be achieved with the help of protein 
chemistry methodology (See Hermanson 1996 for protocols and extended reviews on 
classical reactions). Amino groups of the N-terminal amino acid or of accessible ε-lysine 
residues are the most commonly used for derivation and immobilization by covalent linking 
because they are nearly always accessible in proteins. 
High reactivity of primary amines will allow the following coupling (Fig 2.4.1.a) 
??with carboxyl chloride derivates (1) 
??with aldehydes to form a Schiff´s base stabilized by reduction over NaBH4 (2) 
??with reduction of an epoxide to form a secondary alcohol (3) 
??with isocyanates and isothiocyanates (4) 
In recent years, special developments of reagents based on N-hydroxysuccinimide esters 
(NHS, 5) and carbodiimides after activation by a carboxylic acid (6) were especially 
emphasized because of the mild reaction conditions needed and the high stability of the 
amide bound created.  
Nevertheless, the drawback of all these protocols is the necessity of a basic pH (>8.5) in 
order to activate the amine function and this could lead to the inactivation of unstable 
enzymes.  
The modification or activation of other amino acids could be also performed but the reaction 
is most of the time not absolutely specific of the chemical function needed to be transformed 
(carbonyldiimidazole reacting with carboxylic acids and alcohols) or changes important 
residues for the catalytic activity or enzyme stability (reduction of cystin bridges by 
reducing agents like dithiotreitol (DTT)).  
Considering similar reactions, solid supports could be activated to introduce a suitable 
chemical bound which should react with the enzyme amino acids. An activation of hydroxyl 
groups of silica beads could be performed with bifunctional epoxides, carbonyldiimidazole or 
silanes in order to introduce high hydrophobicity on the surface. 
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Fig 2.4.1.a: Potential chemical reactions for covalent coupling supports and amino groups of enzymes. 
2.4.2 Supports for covalent immobilization 
Natural or synthetic polymers could also be activated. The natural polymers are mainly 
hydrophilic polysaccharides presenting hydroxyl and carboxylic functions. The most often 
modified are cellulose, agarose, or dextran. As carbohydrates, they posses consecutives 
hydroxyl groups which could be oxidized to aldehdyde functions by periodate and could 
further react with amines. Sepharose (cross-linked agarose) or superdex (cross-linked 
dextran) could be actually purchased as epoxydes-, NHS-, or BrCN-activated form. When 
carboxyl groups are present, activation as carbonyl chloride could be performed by 
thionylchloride. 
Synthetic polymers include polyethylenglycol (which contains only two hydroxyl groups per 
molecule), polyvinylalcohol and methacrylamide (Liao and Lee, 1997; Horák et al., 1999). 
Among commercial carriers, Eudragit C (polymetacrylate containing an oxyran function, 
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(3)) was used by Ragnitz et al. (2001) to immobilize hydantoinase and L-N-carbamoylase 
with 90% and 4% yield, respectively. In the second case, successful immobilization was 
achieved when carboxyl amino acids of the enzyme (aspartic acid or glutamic acid) were 
modified by carbodiimide. 
2.4.3 Cross-linking 
If proteins could be attached on activated supports, they could also be linked together with a 
spacer molecule like glutaraldehyde. In such a case, co-immobilization with an inert protein 
like bovine serum albumin was proved to increase stability (Kaul et al., 1983). Photoreactive 
cross-linking reagents were also used to produce strong covalent bounds between enzymes, 
generally via an aryl azide function. The radical produced by the reaction reacts with 
nucleophiles like amines. Nevertheless, as most enzymes used in biotechnology have a 
catalytic site rich in nucleophiles residues, inactivation often occurs. The network presents 
pores with a small pore size distribution, leading to diffusion limitations. 
One of the most interesting development of cross linking are the cross-liked enzymes 
crystals (CLECs): Enzyme crystals could be grown when enzyme is sufficiently known and 
crystallization is easy, as for glucose oxydase or subtilisin. Cross-linking by glutaraldehyde 
will stabilize each enzyme molecule in each crystal but will also link crystals together 
leading to nanoscopic structures. These immobilization forms were shown to have high 
stability (St Clair and Naiva, 1992) and could be applied to synthesis in organic media 
(Wang et al., 1997). 
2.4.4 Adsorption on solid material 
Adsorption on ionic or hydrophobic supports is also performed by many researchers. As 
ionic support, chromatographic gel beads for anion or cation exchange could be used. In 
these cases, the adsorption is greatly dependent on the pH. The same is true for the 
desorption of the enzyme during the process. If not specially suitable for aqueous processes, 
ionic adsorption was proved to be efficient when the immobilizate is used in organic 
solvents, in which the enzyme is not soluble: Once the enzyme on the surface, it forms ion-
pairs which will not dissociate in solvents of low-dielectric constants. Rhizomucor miehei 
lipase adsorbed on an anionic resin (Duolite A568) is, for example, available by Novozymes® 
under the trademark Lipozyme RM IM. Others enzymes are also immobilized in such ways 
like transketolase on amberlite XAD-7 (Brocklebank et al, 1999), or horseradish peroxydase 
on amberlite IRA 400 for discoloration in paper industry (Peralta-Zamira et al., 1998). 
Introduction 
 
- 25 - 
 
When general features of an enzyme (or a class of enzymes) are known, optimal adsorption 
methods could be predicted. The high hydrophobicity of lipases for example leads to high 
immobilization yields on polypropylene matrices as shown by Gitlesen et al. (1997) and 
Lòpez et al. (2002). This last author also showed that during adsorption of Candida rugosa 
lipase, the presence of polysaccharides enhances the amount of enzyme immobilized leading 
to multi-layer adsorption. However activity is not dramatically increased, probably due to 
diffusion limitations in these polysaccharide layers. 
Hydrophobic supports are specially used for reactions in hydrophobic solvents and are 
mainly restricted to lipases because of their high natural resistance to solvent denaturation. 
Adsorption on mineral surfaces like celite (mainly SiO2) is easy to perform and was assayed 
with success for thermolysine (Basso et al., 2000), for penicilline acylase (De Martin et al., 
1999) and lipases (Persson et al., 2000). 
Adsorption generally follows Langmuir isotherms (i.e. site saturation and specific affinity) 
and consequently chromatographic study of the interesting enzyme could be directly applied 
to this kind of immobilization. 
2.4.5 Entrapment and encapsulation 
Immobilization is also synonym of confinement, therefore, direct molecular interactions 
between enzyme and support are not always necessary and approaches of partitioning the 
enzyme in an aqueous phase and the product in an organic one could be regarded as 
immobilization. Actually, the most promising system involves enzymes confined in the 
reactor by ultrafiltration membranes with aqueous phase (Kula and Wandrey, 1987), with 
organic and aqueous phases separated by the membrane (Liese et al., 1998) or with reversed 
micelles retained by the membrane (Olrich and Schomäcker, 2001). In such a case, the 
enzyme is not directly in contact with deleterious organic solvents, but on the other hand 
advantages of adsorption or covalent binding for protein stability are not obtained. Also, 
high pressures are usually necessary to provide efficient filtration and membrane collapsing 
(provoked by protein adsorption) is one of the main drawback. When cofactor-dependent 
enzymes are applied to such systems, immobilization of the cofactor at the enzyme or on a 
polymeric carrier is necessary (Bückmann et al., 1987).  
Confinement could also be performed with microcapsules: Monomers are polymerized at the 
interface of a water in oil emulsion (with hexyldiamine and sebacic acid dichloride, for 
example). The enzyme is retained inside the capsule, being bigger than the pore size of the 
microcapsule, and could be used in aqueous solutions (Hartmeier, 1986). Nevertheless, 
enzyme inactivation occurs when it get in contact with the monomers and microcapsules 
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obtained are relatively large. Enzymes using cofactors are also unsuitable with the 
microcapsules (Parthasarathy and Martin, 1994). 
As last example of confinement methods, liposomes (i.e. lipidic bilayers) could be obtained by 
sonication of phospholipids in water solutions. Nevertheless, the weak structure obtained, 
specially their high sensitivity against detergent, other lipids or mechanical stress makes 
them unsuitable for industrial process. Micro-encapsulation has nevertheless found many 
applications in pharmacology and cosmetics as a drug release system (Hartmeier, 1986). 
Biocatalysts could finally be immobilized in gel-like matrices, regrouped under the term 
hydrogels (in contrast to mineral sol-gel matrices). The whole immobilizate is composed of  a 
hydrophilic polymer solution containing the  biocatalyst. It is the preferential method for  
the immobilization of dead or living cells because of the non-toxicity of both procedure and 
polymers used (Park and Chang, 2000). The high pore size of these hydrogels leads to high 
leakage of proteins from the gel matrix and a nearly total loss of cofactors (Ansorge-
Schumacher et al., 2002). Polymerization could occur by cooling of the polymer solution 
(Agar, gelatin, polyvinylalcohol), by ionotropic gellification (alginates, κ-carrageenan) or by 
radical polymerization (polyacrylamide, photo cross-linked resins). In this last case, the 
polymerization mechanism is similar to the one described for covalent immobilization with 
its main drawback and will not be treated here.  
Non-radical polymerization lead to an entrapment of the biocatalyst, without (theorically) 
direct interactions between the polymer and the enzyme, except size exclusion. Microscopic 
studies of these matrices reveal a big pore size in general (2-7 µm for PVA, Fregg et al., 
2001). In order to retain the enzyme inside the gel matrix, several protocols were proposed: 
Czichocki et al. (2001) present the formation of complexes of amyloglucosidase with high 
molecular weight (>100 kDa) polyelectrolytes complexes before their immobilization in 
polyvinylacohol hydrogel lenses (Lentikats®). This approaches nevertheless is strictly still 
an ionic adsorption more than a real entrapment. 
A special effort was made in the last years to obtain polymers with few denaturing effect (i.e. 
with few chemicals bound with the enzyme) and with a spherical form for mass transfer 
optimization. Beads which could be idealized by spheres presenting a high surface/volume 
ratio leading to high diffusion of substrates and products to the immobilizate and 
consequently increasing the productivity. Optimal immobilizates would have the size of the 
biocatalyst as attempted by the use of reversed micelles. In general, the production of small 
spherical beads is also a challenge and various technology are developed. In order to obtain 
spherical structures, these techniques are nearly all based on the form acquisition during the 
dropping of the polymer in a hardening (polymerizing) solution.  
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Spherical particles are also more easily studied by bioengineers: Classical physic is applied 
easily, beads are symmetric in all spatial directions simplifying mathematical models, 
especially concerning heterogeneity of the reactor and finally, resistance to abrasion is 
theoretically better than with other shapes. 
2.5 Calcium-alginate 
2.5.1 Alginate structure 
Alginates are linear polysaccharides of 1–4 linked β-D-mannuronic acid and its C-5 epimer, 
α-D-guluronic acid, in varying proportions (Smidsrod and Skjak-Braek, 1990). They are 
currently obtained by extraction from brown seaweeds such as Laminaria digitata, Laminaria 
hyperborea and Macrocystis pyrifera (Chèze-Lange et al., 2002). If extraction by precipitation 
and centrifugation of alginate from these algae is easy, environmental hazards such climatic 
conditions or pollution will affect the production. Several bacteria such as the nitrogen-
fixing aerobe Azotobacter vinelandii (Hoidal et al., 19999) and the opportunistic pathogen 
Pseudomonas aeruginosa also produce alginate and could be seen as an alternative source for 
alginate (Sherbrock-Cox et al., 1984). With this second organism, numerous studies have 
shown the importance of alginate on the adhesive capacity of the bacteria on mucus of the 
respiratory tract leading to cystic fibrosis. Among the bacterial realm, only alginates 
synthesized by A. vinelandii have a structure similar to its algal equivalent and is actually 
most studied for industrial production (Chèze-Lange et al., 2002) but also for producing 
alginate of optimized sequence (Hoidal et al., 1999). 
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Fig 2.5.1.a: Chemical structure of alginates: Conformations of GG-Blocks (left), MM-Blocks 
(middle) and random sequence (right) are depicted. 
In contrary to other plant polysaccharides like pectin (poly-a-1,4-D-galacturonic acid) or 
cellulose (poly-b-1,4-D-glucose), the alginate sequence is not repetitive, but some motives 
(called “Blocks”) could be observed: sequences of high mannuronic acid content (M-blocks), 
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sequences of high guluronic acid content (G-blocks), and parts where both monomers are 
present (Fig 2.5.1.a) (Smidsrod and Skjak-Braek, 1990). 
The exact sequence is difficult to determine and could vary inside the same organism 
according to the tissue studied. Classically, alginate structure is described by the frequency 
of the four diads (MM, GG, MG, GM) and the eight triads (GGG, GGM, MGG, MGM, 
MMM, MMG, GMM, and GMG) which could be encountered. The main technology to 
evaluate this sequences is 1H-NMR (Grasdalen, 1983). Nevertheless, high viscosity of the 
solution and low resolution of such methods could lead to some imprecisions, especially 
when the alginate strands of one preparation are not identical in sequence and size. 
Alginates from different sources were reviewed by Smidsrod and Skjak-Braek (1990) 
showing high heterogeneity from algae (high guluronic acid content) and bacterial (Nearly 
no glucuronic acid) structures. 
The only describe natural modification of alginate is acetylation occurring in Pseudomonas 
species. 
2.5.2 Calcium-alginate gel structures and ionotropic gellification 
Alginates of high G content are able to form solid hydrogel structure in the presence of 
some divalent and trivalent ions by ionic interactions between two consecutives guluronate 
residues (Fig 2.5.2.a).  
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Fig 2.5.2.a: Structure of a calcium ion chelated by a GG-block. 
It should be noted that the coordination of the calcium ion implies only one carboxyl 
residues while it implies two of them in pectate hydrogels. G-blocks of two different alginate 
strands are also able to complex the same ion resulting in a macromolecular structure 
describe by the egg-box model (Grant et al., 1973). The polymerization occurs preferentially 
with GG blocks presenting high cooperative comportment. The cooperative unit was 
reported to be more than 20 guluronic residues (Smidsrod and Skjak-Braek, 1990). 
Pseudomonas alginates are not able to polymerize in the presence of calcium because of their 
lack of GG blocks and acetylations which inactivated the carboxyl functions. 
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Alginate solutions could be dropped to a calcium chloride solution in order to obtain 
spherical gel beads with multiple applications (c.f. 2.5.3). During the gellification process, 
shrinkage is observed and was extensively studied by Skaj-Braek and co-workers (Thu et al., 
2000; Stokke et al., 2000; Mikkelsen and Elgsaeter, 1995). It is explained as follows: When 
dropped in the calcium solution (hardening bath), the alginate solution tends to diffuse 
according to the sphere radius concomitantly to the calcium diffusion inside the gel sphere. 
Polymerization occurs quickly at the meeting point of these two components. The shrinkage 
is the result of the condensation from the “weak” non-polymerized alginate network to a 
dense polymerized calcium-alginate. Electrostatic attractions should also be considered. The 
rate of diffusion of calcium through the gel sphere controls the homogeneity of the alginate 
distribution inside the sphere: When no positive ions are present in the alginate solution, the 
difference of potential between the hardening bath and the alginate is high enough to ensure 
a high rate of calcium diffusion into the gel leading to homogeneous polymerization 
(Mikkelsen and Elgsaeter, 1995). When this potential difference is not high enough, the 
alginate strands are able to diffuse near the bead surface before polymerization. This results 
in “capsule-like” beads where a high alginate concentration is found near the surface of the 
bead and the core is nearly liquid. Non-gelling ions like Na+ or Mg2+ could also be added to 
the calcium solution to obtain homogeneous beads without changing calcium content but by 
increasing the electrochemical potential. Resulting beads have a homogenous alginate 
distribution (Fig 2.5.2.b).  
 
Fig 2.5.2.b: Distribution of alginate in a calcium-alginate sphere according to NaCl concentration. 
No NaCl (closed triangles), 0.05 M NaCl (open triangles), 0.2M NaCl (open Square) (from 
Smidsrod and Skjak-Braek, 1990) 
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Calcium ions are mainly used for polymerization because of their low cost and low toxicity, 
mainly interesting for biological and industrial processes, but gellification also occurs with 
other ions. This could be described by an affinity series, which could slightly vary with the 
alginate source: 
Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+> Ca2+> Co2+ = Ni2+ = Zn2+ > Mn2+ 
Differences in the mechanical properties of the beads are obtained: Ions with higher affinity 
lead usually to gels with higher rigidity, except for nickel ions where resistance is weaker. 
Trivalent ions like Ti3+ and Al3+ were also reported for the production of alginate polymers. 
Possible exchange from an ion to another with higher affinity could be achieved and was 
proposed for wastewater treatment and heavy metal removal (Kacar et al., 2002).  
The gellification could be reversed by calcium chelating compounds like phosphates, citrate 
and lactate or by high excess of anti-gelling ions like Na+ or Mg2+ (Smidsrod and Skjak-
Braek, 1990). 
Finally, alginate spheres could be stabilized by covalent cross-linking via reaction of the 
carboxyl group which are usually toxic when living biocatalysts or cells are used, or by 
forming complexes with polycation polymers like chitosan, polylysine or polyethylenimine. 
The pore size of alginate structure is still submitted to discussion and will depend on the 
alginate origin. Typical 2% calcium-alginate shows a pore size of 5 to 200 nm in electronic 
microscopy studies (Smidsrod and Skjak-Braek, 1990). Nevertheless, a strong alteration is 
often observed with this technique when the material doesn’t posses a strong structure and 
is mainly composed of water. Another approach by size exclusion of standard 
macromolecules by Klein et al. (1983) reveals a pore size of 12-16 nm. With such a pore size, 
it was reported that the diffusion rate of small uncharged molecules like ethanol or glucose 
was about 90% of the diffusion rate in water. Tanaka and co-workers (1984) who 
investigated the diffusion into and from calcium-alginate gels of glucose, L-tryptophane and 
α-lactoalbumine (MW< 20 kDa) determined diffusion coefficients similar to those in water 
while no diffusion of bigger protein (albumin [69 kDa], g-globulin [154 kDa] and 
fibrinogen [341 kDa]) into the gel was detected. The diffusion coefficients from the gel 
sphere were found to be 2 to 6 time smaller than in water, according to the protein size. This 
effect is more important with increasing calcium and alginate concentration, i.e. when the 
network is closer. Measurement of protein diffusion coefficients was investigated by confocal 
microscopy for protein release (Laca et al, 1999) in alginate beads or for protein uptake with 
other matrices (Ljunglof and Thömmes, 1998). Nevertheless, the authors used polymers not 
totally translucent to laser light, which lead to an underestimation of the absorbed and 
emitted light and consequently an underestimation of the local protein content. Until now, 
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no satisfying methods exist to determine with precision diffusion of macromolecules inside 
such hydrogels. Mathematical models (Longo et al., 1992) for protein diffusion have to be 
adapted for each specific macromolecule. Finally, higher pore size is concomitant with 
alginate of high guluronic acid content, suggesting that the higher resistance to pressure of 
these structures is not due to closer network but to stronger strand association.  
2.5.3 Use of alginate in biotechnology 
As natural polymers, alginates posses no toxicity and could be regarded as totally safe 
products. They are widely used as thickeners, stabilizers, gelling agents and emulsifiers in 
food, textile, paper making and pharmaceutical industries (Ertsvag and Valla, 1998). In the 
microbial field, alginates and other polysaccharides are developed to immobilize living or 
dead cells because of the easy, inexpensive and non-lethal method. Cells are mixed with 
sodium alginate solution before being dropped in a calcium-chloride bath. Systems 
designated to bio-production of ethanol by yeasts (Jamai et al., 2001), of citric acid (Eikmeier 
and Rehm, 1987; Bayraktar and  Mehmetoglu., 2000) or of antibodies with hybridoma cells 
(Seifert et al., 1999) were performed. After polymerization, the matrix shouldn’t be 
considered as a simple aqueous phase where cells are free of movement but as a physical 
support. Heterogeneity of cell growth in the beads was demonstrated by Laca et al. (2000) 
and colonies are formed quicker at the beads surface than in the core presumably because of 
substrate diffusion limitation. Nevertheless, the absence of alginate in the core of the beads 
could also be an explanation: during the polymerization, the cells are drawn to the surface by 
the alginate flow. When plant cells are immobilized in alginate, a strong induction of the 
secondary metabolism occurs, higher excretion of the anti-fungal spirostanol saponin in 
Solanum chrysotrichum is an example (Charlet et al., 2000). The other advantages of 
immobilization are discussed elsewhere (2.4). Immobilization of somatic plant embryos was 
also performed but is more anecdotic (Bazinet et al., 1996).  
If immobilized cells could be used in bioreactors, alginate is equally found to be a suitable 
matrix for artificial organs, notably for the implantation of Langerhans islets in insulin 
deficient patient (Soonshiong et al., 1993). The gel structure prevents the diffusion of the 
islet within the host organism protecting them against the destructive immune system. 
Insulin and glucagon are nevertheless able to diffuse through the gel and modify the 
hormonal balance of diabetic patients. Implantations of alginate micro spheres often require 
the formation of a polycationic/polyanionic capsule in order to increase beads resistance and 
prevent aggregation with host cells, negatively charged (Thu et al., 1996 a and b). 
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Alginate is also investigated as vector in pharmaceutical deliverance of drugs. Beads 
produced as explained earlier are not suitable for this aim because of their high pore size and 
the consecutive loss of the drug. Beads could be produced by emulsion in apolar solvent (oil, 
dichloroethane,…) followed by the addition of calcium chloride without significant loss of 
the hydrophilic drug. In this process, high alginate concentration is necessary (>6%) and the 
solvents used for the emulsion are toxic for cells. Smaller pore size could be obtained (about 
76 Å for a 8% alginate hydrogel) (Fundueanu, 1999). 
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3 MATERIAL AND METHODS 
3.1 Chemicals 
Except noticed, all reagents were purchased by Fluka (Buchs, Switzerland), Sigma-Aldricht 
(Seelze, Germany) or Merck Eurolab (Darmstadt, Germany). All experiments with Candida 
rugosa lipase were performed with the same batch preparation (L-1754, Lot 107H1024, 
Sigma). Recombinant Candida rugosa lipase (R-Crl) was a kind gift of Professor Marina Lotti 
(Dipartimento di Biotecnologie e Bioscienze, Universitàdegli Studi di Milano, Italy). 
Humicola lanuginosa lipase was a gift from Roche Diagnostics (Mannheim, sold under the L8 
trademark). 
3.2 Analytical methods 
3.2.1 Gas chromatography 
Butanol, propionic acid and propionic acid butyl ester concentrations in hexane was 
determined by gas chromatography using an HP 5890 series II gas chromatograph (Hewlett 
Packard, Walbronn, Germany), equipped with an auto-sampler and a flame ionization 
detector (FID), on a CS-cyclodex fused silica capillary column (25 m x 0.5 mm i.d.; film 
thickness 0.25 µm; CS GmbH, Langerwehe, Germany) with nitrogen as carrier gas 
(1ml/min). The temperature program was an isotherm at 100 °C for 8.5 minutes. Gas split 
was 1:50. 
Signal was integrated over the surface peak and reported relatively to the signal of decane 
(internal standard) with the HP3365 series II ChemStation (Copyright© 1989-1992, 
Hewlett-Packard Co.). Retention time and resolution of the peaks obtained is describe in 
Table 3.2.1.a: 
 Retention time 
(min) 
Peak width  
(min) 
Resolution  
(-) 
Resolution1.7 
 (-) 
Butanol 5.4 0.037 16.7 9.8 
Propionic acid 6.2 0.059 14.6 8.6 
Butyl propionate 6.9 0.048 8.1 4.8 
Decane 7.3 0.041   
Table 3.2.1.a: Chromatographic peak characteristics obtained by GC analysis 
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Resolution is calculated as described in equations 3.2.1.b and 3.2.1.c: 
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Where RT are the retentions times of successive peaks i-1 and i, and ω the peak width at 
half-height. When the resolution is higher than 2, peaks are resolved and quantification is 
possible. Resolution with the 1.7 factor is a criteria of the quality of the resolution. The 
peaks were resolute in the 0-100 mM range with this experimental setting. Linearity of the 
signal was observed in the same range. 
Fatty acids (C2-C8) were analyzed with a FS-FFAP fused silica capillary column (25 m x 0.5 
mm i.d.; film thickness 0.25 µm; CS GmbH, Langerwehe, Germany). The temperature 
program is 5 min at 40 °C, followed by an increase to 200 °C at 20 °C/min and a plate at 200 
°C for 5 min. 
Samples in brom-Hexane were separated on the FFAP column with the following 
temperature program: 30 minutes at 40 °C, followed by a gradient of  5 °C per minute until 
200 °C for 5 minutes. 
Each sample was injected tree times to overcome injection errors.  
Mass spectra were obtained using an equal gas chromatograph, equipped with a MS 5971A, 
electron impact (70 eV) mass spectrometer (Hewlett-Packard, Walbronn, Germany), and a 
SE-54-CB capillary column (25 m x 0.5 mm i.d.; film thickness 0.25 µm; CS GmbH, 
Langerwehe, Germany) with hydrogen as carrier (1 ml/min). Injection was splitless. 
3.2.2 HPLC 
Aqueous solutions were analyzed on a HPLC Gold system (Beckmann, Unterscließheim, 
Germany) equipped with an UV detector (210 nm) and an organic acid resin column (300 
µm x 0.8 cm, CS-GmbH, Langerwehe, Germany) at 60 °C, using 2 mM sulfuric acid  as 
eluent (0.6 ml/min, pH 2). Linearity of the signal was observed in the 1-20 mM range. 
3.2.3 Titrimetry 
3.2.3-A Water content in organic media: 
Karl-Fisher titrations of organic phases were performed with a Titroline alpha autotitrator 
(Schott, Hofheim a. T., Germany). The total titration of water by Karl-Fisher reagent TU 
(capacity of 5 mg water per ml, Merck Eurolab) was obtained after injection of the sample 
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(1-100 µl) in the appropriate solvent (Karl-Fisher reagent S, Merck Eurolab). Hydranal®-
water standard (10.03 mg water per ml solution) was obtained from Riedel-de-Haën (Fluka, 
Buchs, Switzerland). Measurements were done in triplicate to ensure reproducibility. 
Detection limit was 0.5 µmole.  
Acid and base titrations were performed with the same apparatus equipped with appropriate 
dosing units. 
3.2.3-B Determination of the calcium propionate dissociation constant 
Solutions of 10 mM propionic acid in water containing 0-180 mM calcium chloride (total 
volume of 10 ml) were titrated with 50 mM sodium hydroxide to pH 10. The equivalence 
point was obtained from the apparatus, calculated from the second derived of the titration 
curve. The apparent pKa (noted pKa´) is the pH at half of the equivalence volume. 
The dissociation constant was obtained by plotting Ka´=f([CaCl2]), as described by Silbey 
and Alberty (2001, p266). The line obtained is described by equation 3.2.3.a: 
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Where Ka´ is the apparent acidic constant in the presence of calcium, Ka the intrinsic acid 
constant and Kd the dissociation constant of the [Propionate- - Ca2+]+ complex. The slope is 
equal to Ka/Kd and the intersection with ordinate axe Ka. The equation assumes that the 
insoluble complex [(Propionate-) 2 - Ca2+] doesn’t exist. This approximation is acceptable as 
no precipitated was never observed. 
3.2.4 Atomic absorption spectroscopy 
Calcium content of water solutions was measured on a Perkin-Elmer 1100B atomic 
absorption spectrometer (Perkin-Elmer, Rodgau-Jügesheim, Germany) using the addition 
method. The sample were diluted in water until being in the ppm range (mg per liter, 
typically the dilution is 106 times) before addition of 0-2 ppm of calcium nitrate (Ca(NO3)2) 
from a standard solution (1000 mg/ml, Merck Eurolab). The absorption of the light at 422.7 
nm in an air: acetylene flame was integrated over two seconds. The measurements were 
performed in triplicate and averaged.  
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3.2.5 Determination of partition coefficients 
The partition coefficients of the substrates and products between the aqueous alginate phase 
and the organic solvents were determined by measuring the concentration of the respective 
compounds in the solvent after one day or more of equilibration. Initial concentrations of the 
reactants were 50 mM each (except noticed). All calcium-alginate beads were free of enzyme. 
The partition coefficient (P) was calculated according to equation 3.2.5.a where C comprises 
the initial (i) or equilibrium (∞) concentrations of the partitioning compounds in hexane or 
alginate and V the appropriate volumes of the phases. The calcium-alginate bead density was 
determined as describe previously. 
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3.3 Protein purification methods 
3.3.1 Polyethylene glycol precipitation 
Crude extract (CE-Crl) (0,1 mg in 1 ml 1.7 M Ammonium sulfate, 100 mM Tris-HCl (pH 
7.5)) was mixed with 500 µl (or 500 mg) polyethylene glycol (PEG) or polypropylene 
glycols (PPG) of various molecular weight and centrifuged for 10 minutes at 10 000 rpm to 
precipitate the polymer. The supernatant was removed and pellet was re-suspended in 
phosphate buffer in order to decrease hydrophobic interactions. A second centrifugation 
precipitated the PEG. The supernatant was recovered. This experiment was also performed 
with recombinant Candida rugosa lipase (R-Crl). Polymers used were PEG 200, PEG 400, 
PEG 1000, PEG 4000, PPG 1200 and PPG 2000. Proteins were recovered with phosphate 
buffer (100 mM) pH 6 or pH 8. 
3.3.2 Protein precipitation 
Candida rugosa lipase preparation (noted CE-Crl) was precipitated from the commercial 
crude extract as describe by Ruà and co-worker (1993): 10g of crude powder were 
suspended in 100 ml of 25 mM Tris-HCl buffer (pH 7.5), kept stirring for 90 minutes and 
centrifuged at 17 000 x g (13 000 rpm) for 20 minutes at 4°C. Insoluble particles from the 
fermentation were then removed. The supernatant was treated by slow addition of two 
volumes of ice-cold ethanol (-20°C). The solution was stirred at 0 °C during the ethanol 
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addition and slowly agitated for two hours. The precipitate was collected by centrifugation 
at 17 000 x g (13 000 rpm) at 4°C, and lyophilized to remove ethanol and water. 
3.3.3 Chromatographic separation of proteins 
3.3.3-A Hydrophobic interaction chromatography 
The lyophilized powder was suspended in appropriate buffer at 50 mg/ml, loaded in a 
column packed with a phenyl-sepharose 6 Fast Flow gel (1.7 cm x 14  cm, 19ml). The buffer 
gradient was obtained with two pump P-500 and a controller LCC 501 plus. Absorption of 
proteins and DNA at 280 nm was measured by a UV MII detector and recorded with the 
FPLC director V1.00 software. Fractions of 5 ml were collected (FRAC 200 fraction 
collector). All the system was obtained from Amersham Pharmacia Biotech (Freiburg, 
Germany). 
3.3.3-B Size exclusion chromatography 
Separation was obtained with a S75-HR column (sepharose gel with a fractionation range of 
3000-70000 Da, Amersham Pharmacia Biotec, Freiburg, germany) linked to the FPLC 
system described above. 
3.3.4 Adsorption of Triton X-100 on solid surfaces 
1 ml of 100 mM Tris-HCl (pH 7.5) containing 1% triton X-100 was mixed with 10-500 mg 
of adsorbent material. After a short centrifugation, the supernatant was analyzed with 
Bradford reagent. An increase in the absorbance at 595 nm indicated presence of Triton X-
100 (The reference solution is the same buffer: 0.1 M Tris-HCl, pH 7.5). When no Triton 
was detected, similar experiment was performed with same buffer containing 5 mg/ml of 
CE-Crl (ethanol precipitate). The residual activity was measured by hydrolysis of tributyrine 
regarding in relation to the initial solution. 
3.3.5 Activity localization : MUF-Butyrate Activity test. 
Methyl-umbelliferone butyrate (1) is a non-fluorescent substrate for esterases and lipases. 
The hydrolysis of the ester bond liberates methyl-umbelliferone (7-hydroxy-4-methyl-
coumarin, (2)) (Hendrikson, 1994; Diaz et al., 1999) with absorption and emission maxima of 
λabs = 346 nm and λemm = 441 nm. 10 µl of chromatographic fraction were added to 100 µl of 
MUF-Butyrate solution freshly prepared as follows: 
 Material and Methods 
- 38 -  
50µl of a stock solution of 50 mM MUF-Butyrate in ethylene glycol dimethylether were 
added to 10 mL of 25 mM Tris-HCl (pH 7.5) for a final concentration of roughly 200 µM. 
Fluorescence was observed on a Gel Doc 2000 gel documentation system (Bio-Rad, Munich, 
Germany) coupled with the  Quantity one software (Bio-Rad, Munich, Germany) under UV 
illumination at 302 nm. The enzymatic reaction is depicted in Fig 3.3.5.a. 
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Fig. 3.3.5.a: Hydrolysis of MUF-Butyrate (1) by hydrolytic enzymes into fluorescent MUF (2) and 
butyric acid (3) 
No interference with Triton X-100 was observed. 
3.3.6 Ultrafiltration 
Chromatographic fractions containing enzymatic activity were pooled and concentrated over 
a 150 ml stirred cell ultrafiltration device at 4 °C (Molecular weight cut-off 30 kDa, Pall 
Filtron, Dreieich, Germany) under 3 bar pressure.  
3.3.7 Dialysis 
Concentrated protein fractions were three time dialyzed with Spectra/por® CE (cellulose 
Ester) FloatA Lyzer™ (100 Da molecular weight cut-off, 10 mm diameter, 10 ml) 
membranes from Spectrum® laboratories Inc. (Rancho Dominguez, California, USA) against 
1 mM Tris-HCl at 4 °C before lyophilization.  
3.3.8 SDS-PAGE electrophoresis 
Electrophoresis under denaturing conditions was performed as described by Lämmli (1970) 
with a 10 % polyacrylamide gel surmounted by a 5 % stacking gel (Table 3.3.8.a for 
composition). Polymerization was done with the help of the Mini protean II system (Bio-
Rad, Munich, Germany). After the gel polymerization, the protein sample was diluted 1 to 4 
in pre-mixed loading buffer (Roth, Karlsruhe, Germany) containing β-mercaptoethanol, SDS 
and bromophenol blue, according to the manufacturer´s advice. The proteins were denatured 
by heating 5 minutes at 95 °C. Samples (5 to 20 µl) are loaded on the stacking gel. The 
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migration took place for 1-2 h in a 150 Volt electric field (set to maximal intensity of 20 
mA). Gels were consecutively submitted to silver staining. 
 
Migration gel Stacking gel 
Solution Volume [ml] Solution Volume [ml] 
Water 4.0 Water 2.7 
30% Acrylamide mix 3.3 30% Acrylamide mix 0.67 
1.5 M Tris-HCl (pH 8.8) 2.5 1 M Tris-HCl (pH 6.8) 0.5 
10 % SDS 0.1 10 % SDS 0.04 
10 % Ammonium persulfatea 0.1 10 % ammonium persulfatea 0.04 
Temed 0.004 Temed 0.004 
Table 3.3.8.a: Composition of polyacrylamide gel for SDS-PAGE analysis. a: Ammonium persulfate 
solution was freshly prepared. 
3.3.9 Analytic isoelectric focusing (IEF) 
Lyophilized protein sample were re-suspended in 20 mM lysine/20 mM arginine, 
supplemented by 50% glycerol and was  submitted to vertical electrophoresis on a Mini-
Protean II system (Bio-Rad, Munich, Germany) with an IEF pH 3-10 pre-cast gel (Bio-Rad, 
Munich, Germany). Samples of 5 to 30 µl are deposited on the cathode. 
Buffers were phosphoric acid 7 mM at the anode and lysine 20mM/arginine 20mM at the 
anode. The following electric field was applied: 
??1 hour at 100 V 
??1 hour at 250 V 
??30 minutes at 500 V. 
After migration the gel was submitted to silver staining to analyze the total protein content 
or to a zymogram to detect lipase activity. 
The pH gradient was estimated with a contact pH-electrode (Schott, Hofheim a.T., 
Germany) 
3.3.10 Silver staining (Blum et al., 1987) 
Protein in gels were revealed as silver/brown bands on yellowish background by the 
following baths: 
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Step Solution Time 
Fixation 50% methanol, 12% acetic acid, 0.05% formaldehyd 20 min. 
Rince 50% ethanol 3 x 10 min. 
Pretreatment 200 mg/liter Na2S2O3.5H2O 1 min. 
Rinse Water 3 x 20 sec. 
Staining 2 g/liter AgNO3, 0.75 ml/liter formaldehyd 10 min. 
Rinse Water 2 x 20 sec. 
Developing 60 g/liter Na2CO3, 0.5 ml/liter formaldehyd, 4 mg/liter 
Na2S2O3.5H2O 
(until intensity 
desired) 
Rinse Water 2 x 2 min. 
Stop 50% methanol, 12% acetic acid 5 min. 
Table 3.3.10.a: Protein staining by the silver staining method  
3.3.11 Zymogram (Diaz et al.,  1999) 
Immediately after migration, the gel was incubated 1 minute in 50 mM Tris-HCl (pH 7.5), 
Triton X-100 (0.5%) and covered with 250-500 µl of freshly prepared MUF-butyrate 
solution prepared as describe earlier (c.f. 3.3.5). Proteins presenting hydrolytic activities 
appeared as fluorescent band under UV light. Images were recorded on the gel 
documentation system. 
3.3.12 Hydrolysis of tributyrine 
Specific activity of the lipase is determined by a pH-Stat method: 300 µl of tributyrine 
(tributyrylglycerol) were added to 15 ml of 1 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 0.1 M 
CaCl2 solution in order to create an oil in water emulsion. Samples (5-100 µl) containing the 
lipase were added. No pH deviation was observed in absence of the lipase. The pH was kept 
constant at 7.5 by addition of NaOH 50 mM with an autotitrator (Titroline alpha 
autotitrator, cf.3.2.3).  
The pH optima for hydrolysis was obtained in the same way by setting the pH-stat to the 
desired pH. 
3.3.13 Protein quantification (Bradford, 1976) 
Protein sample (5 to 200 µl) were diluted in 50 mM Tris-HCl (pH 7.5) to a final volume of 
800 µl. Coomassie blue containing solution (200 µl, Bio-Rad Protein Assay, Bio-Rad, 
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Munich, Germany) was added and absorbance was measured at 595 nm. Quantification was 
obtained with the help of calibration curved obtained with Bovine Serum Albumin as 
protein standard (Bio-Rad, Munich, Germany). The linear range was 0-20 µg protein. 
Detergent and hydrophobic or organic components (like ethanol) interfered strongly with 
the quantification leading to overestimation or signal saturation. 
3.4 Molecular Modelling 
Three-dimensional analysis of lipases structures were performed with the Rasmol Version 
2.5 software (RasWin Molecular Graphics Windows version 2.4, Copyright© 1993,1994, R. 
Sayle, available at http://www.umass.edu/microbio/rasmol) and with the Chime plug-in 
(Chemscape Chime™  version 2.6 sp3, MDL information systems Inc., Copyright© 1996-
2001, accessible on http://www.mdli.com/support/chime) for computations of electrostatic 
and lipophilic surfaces. The lipases structures were downloaded from ExPASy (Expert 
Protein Analysis System) Molecular Biology Server web site (http://www.expasy.ch/) or 
from the RCSB website (Research Collaboratory for Structural Bioinformatics, 
http://www.rcsb.org/pdb/)  in the Brookhaven Protein Databank format (pdb). 
3.5 Immobilization methods and alginate gel characterization 
3.5.1 Immobilization in calcium-alginate spheres 
Except noticed in the text, lipase from Candida rugosa (crude preparation, Sigma) was 
entrapped in calcium alginate according to the followings protocols: 
3.5.1-A Solutions 
Sodium alginate (Manugel DJX, Monsanto, Waterfield,  UK), was dissolved in 100 mM 
Tris-HCl (pH 7.5) buffer at a concentration of 2 % (w/v). The solution was not heated to 
prevent Maillard reactions with impurities present in the alginate preparation. Commercial 
enzyme preparation was added at the concentration of 5 mg per ml alginate and the solution 
was stored at 4 °C to degas  before use. Calcium chloride is dissolved in 100 mM Tris-HCl 
buffer (pH 7.5) in a final concentration of 180 mM (2 g per 100 ml). For pH dependency 
studies, the following buffers were used: KCl-HCl (pH 1.5-3); HEPPS (pH 5-7); ACES (pH 
6.5-7.2); Tris-HCl (pH 7.5-9).  
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3.5.2-B Beads of 2-4 mm diameter 
The cold alginate solution was dropped into the stirred calcium solution with a plastic 
syringe (outlet i.d. 2 mm). The height between the hardening bath and the syringe was 20-
30 cm. Beads were cured one hour before being stored in hexane or in their hardening bath 
at 4 °C. 
3.5.2-C Beads of 100-200 µm diameter 
The alginate solution was loaded on a home-made jet-cutter apparatus (see Genialab, 
Braunschweig, Germany, for the original version) and was passed, under 4 bar pressure, 
through a flat needle (i.d. 0.55 mm). The resulting flow was cut by a 48-blade wheel rotating 
at 6000 rpm leading to drops falling into the hardening bath. 
3.5.2-D Alginic acid beads (Draget et al., 1994): 
 Calcium-alginate beads were submitted to four to five successive baths of 5 hours in 0.1 M 
HCl, before being stored in the same acidic solution for 24 hours minimum.  
3.5.3 Analysis of beads size 
Bead diameters between 2 µm and 2000 µm were measured with the automatic particle sizer 
“Accusizer 780” (Particle Sizing Systems, St. Barbara, USA), equipped with the sensor 
LE2500-3. Every measurement included at least 2000 particles and was finished within 30 
seconds after introducing the sample into the water chamber. Bead diameter, time of passage 
and number were recorded with CW788 software (version 1.66 1997, NICOMP Particle 
Sizing Systems, St. Barbara, USA) in 512 channels before being smoothed over 11 channels 
by the same software in order to minimize the effect of channel border. Repartition was 
expressed at the percentage of the total volume measured. Three dimensional analysis was 
obtained within the same experiment by plotting the  diameter of each particle against its 
time of residence in front of the sensor. Linear correlation is concomitant with a spherical 
shape. Deviation in this line implies a more cylindrical form. The principle of the measure is 
depicted in Fig 3.5.3.a. 
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Fig 3.5.3.a : Scheme of the particle sizer 
system: p: pump (continuous water flow), s: 
sensor, l: laser, t: transmitted light 
(transmission), r: reflected light (total 
reflexion), i: sample injection (alginate beads 
in water); c: sample cell (suspension of alginate 
beads in water) 
3.5.4 Density of alginate beads 
The density of alginate beads was determined by the two following methods: 
??Known amount of alginate beads was added to a precision vial which was 
consecutively filled with water. The volume of alginate beads could be calculate from the 
difference of weight with the vial filled with water only. 
??One Alginate bead was added to a closed vial containing hexane. Water-immiscible 
solvent of high density like 1-bromhexan was added until the alginate bead passed from a 
“sunken” position to a “floating” one, as in a density column. Considering the density as 
additive values of the molar fraction for miscible solvents, the alginate spheres density could 
be assumed. This second technique offered the advantage of keeping the integrity of the 
water phase composing the alginate bead, without eventual lose of material in the water 
phase or swelling of the alginate network (cf. 4.3.3 for more explanation about this 
approximation).  
3.5.5 Determination of changes in bead weight 
Calcium-alginate beads (2-3 mm diameter) were carefully dried on a paper towel and 
weighted inside a 1.5 ml screw cap vial. One milliliter of hexane solution containing 
appropriate quantities of substrate (50 mM) was added. The vial was stored at room 
temperature for at least 24 h before the bead was removed and weighted again. Kinetic 
experiments were performed using a single bead for each experimental point. At least five 
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beads were weighted per experimental value. Deviation between each measurement was less 
than 3 %.  
3.5.6 Alginate beads resistance to pressure 
Calcium-alginate beads were submitted to regular mechanical pressure with a speed-
controlled press. The weight was recorded as well as the distance of the press from its 
initial position and time. Speed was slow (10.25 mm per minute) to prevent any crushing 
effect of the apparatus. An example of breaking point diagram is shown in figure 3.5.6.b. 
The breaking point could normally be only measured for material of cylindrical shape by 
this technique as described by Christanson et al. (1985). Nevertheless, the diameter of single 
beads was artificially used to compare results within the experimental set. From the weight-
time diagram, the initial resistance to pressure was obtained by the initial slope of the linear 
part of the curve (expressed as g/sec) and was identified by obtaining the first derivate. 
Knowing the speed of compression and the diameter of the bead, the following equation 
(3.5.6.a) (derived from the valid equation for cylinder breaking point) was applied with the 
simple aim to compare the measurements: 
²²
1
surface
F
g
radius
speed
time
weight
R =⋅
⋅
⋅⋅=
π
 3.5.6.a 
where the first term is the initial resistance measured (weight/time), the speed is the 
compression speed and radius the one of the bead. The gravity g is 9.81 g.mm.sec-2. F is the 
resistance force (in Newton) and consequently R is expressed as a pressure (in N.mm-2). 
Beads were approximated to be perfect spheres.  
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Fig 3.5.6.b: Example of a breaking point diagram obtained for calcium-alginate beads of about  3 
mm diameter 
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3.6 Chemicals methods 
3.6.1 Inhibitor synthesis 
Synthesis of n-Dodecyl p-nitrophenyl n-hexylphosphonate (DNPHP, (5) in fig 3.6.1.b) was 
adapted from the ones describe by Rotticci et al. (2000) and Stadler et al. (1996) as follow:  
Dodecanol (316 mg, 1.72 mmoles) and 1-methyl-imidazol (135 µL, 1.70 mmoles) were added 
to 9 ml dichloromethane previously dried on molecular sieves (3 Å) at 4°C under argon in a 
two-entry balloon (25 mL). Hexyl phosphonic dichloride (255 µl, 1.48 mmoles) in 1.5 ml 
dichloromethane previously kept at –20 °C was added drop by drop with a syringe while 
stirring. Hexyl phosphonic dichloride is a neurotoxic and should therefore be handled 
with care. The reaction solution is allowed to warm up at ambient temperature and was 
agitated for 8 hours, under argon atmosphere.  
Para-nitrophenol (140 mg, 1.0 mmoles) and 1-methyl-imidazol (135 µL, 1.70 mmoles) in 1 
ml dichloromethane were added dropwise and stirred overnight (1-methyl-imidazol has two 
function: As base for neutralization of the acid formed during the reaction and as solubilizing 
agent for the nitrophenol ring in dichloromethane). The solvent was evaporated under 
vacuum (40 mbar) and hexane (15 ml) was added before storage 24 hours at 4°C. Side 
products (mainly n-,n-, di-p-nitrophenyl n-hexylphosphonate (5a)) and un-reacted 
paranitrophenol crystallized under this condition. n-dodecyl p-nitrophenyl n-
hexylphosphonate (5) and eventually n-,n- di-dodecyl n-hexylphosphonate (5b) were 
recovered in the hexane fraction (See Annex 3 for chemical formula).  
If more than one spot appear by thin layer chromatography (c.f. 3.6.3), solvent was 
evaporated under vacuum (40 mbar) and products were separated by liquid chromatography. 
The column (20 cm x 1 cm i.d.) was filled with silica gel 60 (70-230 Mesh, Merck Eurolab) 
and compounds were separated over a hexane : ethyl acetate gradient (typically, DNPHP (5) 
was eluted between 5 and 10 % v/v ethyl acetate). Fractions of 2.5 ml were collected with a 
Gilson FC 205 fraction collector. 
After evaporation, 218 mg (about 50 % yield) of a yellowish oil was obtained. 
Synthesis of n-pyrenebutyl,p-nitrophenyl,n-hexylphosphonate (PBNPHP, (6) in fig 3.6.1.b): 
Pyrene butyric acid (500 mg, 1.73 mmole) was suspended in dried tetrahydrofuran 
(molecular sieves 4 Å) and reduced to pyrene butanol (4) by the addition of LiAlH4 (650 mg, 
17 mmoles) under argon atmosphere. After 24 h reaction, cold water (4 °C) was added until 
all H2 was revealed. Water was added to dissolve the salt formed and solution was washed 
two times with saturated NaCl solution. The organic phase revealed a single spot after TLC 
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under UV detection (254 and 305 nm). Tetrahydrofuran was evaporated under vacuum (40 
mbar). 
The same protocol as for the synthesis of DNPHP was applied with pyrenebutanol (1.73 mg 
in theory, not determined) instead of dodecanol. 
Schemes of the different synthese are given in figures 3.6.1.a and 3.6.1.b. 
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Fig 3.6.1.a: Scheme of the synthesis of DNPHP (5). Ar: Argon atmosphere 
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Fig 3.6.1.b: Scheme of the synthesis of PBNPHP (6) Ar: Argon atmosphere 
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3.6.2 1H- and 31P-NMR 
Pure products were suspended in 1 ml deuterated chloroform (CDCl3, Sigma) and spectra 
were recorded on a 200 MHz NMR magnet (Brüker) with CDCl3 as internal standard 
(realized as service in the MARC, RWTH-Aachen). 
3.6.3 Thin layer Chromatography 
Purity of the sample was estimated by thin layer chromatography (TLC) on 60F254 silica gel 
(5 x 5 cm, Merck Eurolab) after deposition of 0.5-2 µl of sample and migration with 
dichloromethane : ethyl acetate (9/1, v/v). Cyclic molecules were observed under UV at 254 
nm (blue or white spot on green background) and fluorescent molecules by illumination at 
305 nm. Other molecules were detected by spraying 5 % (w/v) phosphomolybdic acid in 
absolute ethanol and air dried. Phosphorous compounds gave a slight blue spot on green 
background. Other organic molecules were reveal by careful heating of the TLC-plates. 
3.6.4 Inhibition by DNPHP 
Calcium-alginate beads (100-200 µm diameter) containing lipase from different preparations 
(CE-Crl, R-Crl and P-Crl) were carefully weight in a 200 µl analytic inlet for a final weight 
of 5 mg. They were supplemented by 200 µl of DNPHP solution in hexane (final 
concentration 1-10 mM) and agitated overnight. Beads were carefully washed twice with 
hexane to get rid of unbound DNPHP and the media was newly supplemented by 200 µl of 
substrate solution (50 mM butanol, 50 mM propionic acid and 20 mM decane in hexane). 
Activity is measured by GC after 18 hours reaction at 30 °C under agitation. Each inhibition 
test was made five time to ensure reproducibility. Inhibition was expressed as residual 
activity compared to the same experiment without inhibitor (including washing with 
hexane). 
3.6.5 Partial phase diagram determination 
The partial phase diagram of the N-cetyl, N-,N-trimethylammonium chloride 
(CTAC)/hexane/water system was determined as follows: samples were prepared by 
weighting CTAC powder, adding various quantities hexane and water, strongly vortexing 
until dissolution of the powder, centrifuging to remove the air bubbles and storing the vials 
at 30°C for several weeks. Visual and microscopic inspections revealed the existence of 
lyotrophic mixtures.  
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3.6.6 Fluorescent labelling of white egg albumin (wea). 
White egg albumin (wea) was labeled according to protocols of amine modifications 
described by Hermanson (1996): Wea was dissolved in 50 mM borate buffer (pH 9.5) at a 
concentration of 5 mg/ml and dansyl chloride, previously dissolved in dimethylformamid 
(DMF), was added drop-wise at 4 °C and protected from light. The molar ratio of DMF and 
WEA was 10:1. The solution was allowed to warm up at ambient temperature and to react 
for one hour, always protected from light. The reaction was quenched by the addition of 50 
µl of 1.5 M hydroxylamine (pH 8.5). Labeled WEA was separated from dansyl chloride by 
concentration over a Vivaspin 2 centrifugal concentrator (Vivascience, Hanover, Germany) 
by three successive washing with 100 mM Tris-HCl buffer (pH 7.5). No residual dansyl 
chloride (or dansyl) was detected with thin layer chromatography (Silicagel S60, Merck, 
Solvent: ethanol/ethyl acetate, 5/5, v/v). 
Fluorescence was measured with a Versafluor multiple wavelength fluorimeter with a 
EX360/40 exitation filter (340-380 nm) and a EM520/10 emission filter (515-525 nm). The 
complete system was provided by Bio-Rad (Munich Germany). 
3.7 Enzymatic Reactors 
Various reactors were used for different approaches of the calcium-alginate/hexane system. 
3.7.1 Batch reactor 
To 50 ml of substrate solution (typically 50 mM butanol, 50 mM propionic acid and 20 mM 
decane in hexane) in 50 ml screw flasks (4.5 cm x 4 cm i.d.), 1.25 g of 2-3 mm calcium 
alginate beads were added (about 50 beads). Agitation was provided by a magnetic bar. The 
reaction take place at 30 °C. The total sample volume is less than 5 % of the total reactor 
volume (2.5 ml). 
3.7.2 Overhead Reactor 
An overhead shaker REAX 2 (Heidolph, Schwalbach, Germany) was used to shake alginate 
beads in solvent filled glass tubes (16 cm x 1.25 cm i.d.) at a rotation velocity of 90 turns per 
minute. 250 mg of alginate beads (2-3 mm or 100-200  µm diameter) were added to 10 ml of 
the reaction solution. 
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3.7.3 Fluidized-bed reactor 
A tubular glass reactor (20 cm x 0.9 cm i.d.), filled with 250 mg alginate beads and the 
respective solvent mixture, was linked to a peristaltic pump (Braun, Melsungen, Germany) 
performing a flow up to 300 ml/min. Experimental data considering the separation of beads 
in solvent mixtures were drawn from systems with circulating organic phase. 
This reactor is used for determining the suitability of solvent mixtures for bead suspension. 
3.7.4 One-bead reactor 
One single calcium-alginate bead (2-3 mm diameter) was weighted in a 1.5 ml screw cap 
vial and appropriate solvent solution was added (according to the experiment). Agitation 
was performed by a thermoagitator Vortemp (Uni Equip, Martinsried, Germany) modified 
to accept such vials. The temperature was maintained at 32 °C. Each measurement was the 
repetition of five of such reactors. Samples (200 µl) were analyzed by gas chromatography 
and the reactor is discarded.  
3.7.5 Micro reactor 
Calcium-alginate beads (100-200 µm) were weighted (5 mg) in a 200 µl analytic inlet and 
were supplemented with 200 µl of substrate solution. Agitation is performed as with the 
single bead reactor. The activity was found to be linear to the beads content in the 0.8-15.8 
mg range for all enzyme preparations used. 
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4 RESULTS AND DISCUSSION 
4.1  General characterization of calcium-alginate beads 
4.1.1 Size and weight 
When dropped in calcium chloride solution, the alginate solution polymerizes in a spherical 
form. The weight of alginate beads is preferred to size when beads of 2-4 mm are produced 
because of the lack of suitable method to determine accurately the bead diameter and the 
high variation in the volume among a bead preparation (the volume varied from 4 to 34 mm³ 
according to the radius). The main parameter influencing the bead weight (and consequently 
volume) is found to be the temperature of the alginate solution: when stored at 4 °C before 
gellification, the bead weight is about 25 mg while alginate stored at ambient temperature 
(20-24°C) give an average weight of 30 mg (Fig 4.1.1.a). Beads produced at 4 °C also present 
a lower weight dispersion. All beads used for this study were produced with alginate stored 
at 4 °C before gellification, nevertheless their weight is always recorded to ensure validity of 
the measurements (variations of more than 10 % in weight are observed when gellification 
occurs at 4 °C).  
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Fig 4.1.1.a: Calcium-alginate beads weight repartition depending on the temperature of gellification, 
in 0.5 mg steps. The number of beads in this investigation was 65 at 4 °C and 106 at 20 °C. 
As external parameters could as well interfere with the bead size, all beads within the same 
experiment were taken from the same preparation. 
When beads of 100-200 µm were produced, size analysis was performed by particle sizing 
experiments (Fig 4.1.1.b). The average diameter was 148 µm, while beads of 93-202 µm 
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(population at 50 % of the main peak height) represented 66 % of the bead population. The 
bead repartition was not totally symmetrical because of dust particles always present in the 
sample (from 2 to 10 µm diameter) and of smaller particles (satellite beads) produced by the 
technique used: a small amount is always sprayed when the alginate flow is cut, and drops 
into the hardening bath forming smaller particles (10-60 µm diameter particles in Fig 
4.1.1.b). Alginate solution volumes as small as 3 ml could be used to produce alginate 
particle with this technique. Possibility to immobilize small volumes is of importance when 
working with expensive enzymes (cf. 3.5.2-C for description). The bead weight obtained, 
when 3 ml alginate solution were used, was 49-61 % (1.47-1.83 g) of the initial alginate 
solution weight while it increased to 92-96% (46-48 g) when a 50 ml of sodium-alginate 
solution was used.  
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Fig 4.1.1.b: Volume and population distribution of calcium-alginate beads produced by jet-cutter 
technology (3 ml sodium-alginate solution stored at 4°C). The values are cumulated from seven 
measurements for a total bead number higher than 7000. 
The sphericity of the particles was investigated by three-dimensional analysis (Fig 4.1.1.c). 
Two populations could be observed: the first one possessed a 2 to 10 µm diameter and 
corresponded to dust particles always present in the water cell of the particle sizer 
(identified by successive background measurements, Arrow A in Fig 4.1.1.c). The second one  
corresponded to the alginate bead population (Arrow B in Fig 4.1.1.c). When particles are 
perfectly spherical, the time of measurement (i.e. the time the laser beam is interrupted) is 
directly proportional to the diameter  (the slope of such time/diameter diagrams is a 
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function of the flow in the cell and can’t be used to determine the bead size). When deformity 
occurs (when particles are more cylindrical, for example), this ideal linear repartition 
becomes broader, i.e. beads of same shape will need different time to be analyzed according 
to their orientation in the sensor. The calcium-alginate beads can’t be considered as totally 
spherical as there is a clear deviation of this theoretically perfect line. When the 
volume/time/diameter diagram is drawn (Fig 4.1.1.d), the repartition observed is not a 
perfect conical repartition but presents a tailing (i.e. an absence of symmetry) confirming 
that beads were not forming a homogeneous population. The two populations observed in 
the volume distribution (Fig 4.1.1.b) were in identified in the volume/time/diameter 
diagram as two peaks of nearly circular repartition around 137 µm for the main bead 
population and around 27 µm for the particle coming from the sprayed alginate. 
 
Fig 4.1.1.c: Three dimensional analysis of calcium-alginate beads produced with the jet-cutter 
technology. Number/diameter/time of measurement diagram. Background particles are indicated by 
arrow A, calcium-alginate ones by the arrow B. Particles were produced with sodium-alginate (4°C) 
and standard conditions 
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Fig 4.1.1.d: Three dimensional analysis of calcium-alginate beads produced with the jet-cutter 
technology. Volume/diameter/time of measurement diagram. Background particles are indicated by 
arrow A, calcium-alginate ones by the arrow B. Particles were produced with sodium-alginate (4°C) 
and standard conditions. The upper presentation is an upper view of the main diagram. 
The two beads populations are homogeneously dispersed around the main diameter, leading 
to the conclusion of two nearly spherical populations. Parameters used (described in 3.5.2-C) 
were found to produced the more homogeneous and spherical particles among all conditions 
tested. 
4.1.2 Efficiency of the lipase entrapment 
Beads prepared by dropping sodium-alginate (0.1 M Tris-HCl pH 7.5, 5mg/ml Candida 
rugosa lipase (crude extract)) in 0.18 M calcium chloride lead to loss of the enzyme in the 
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hardening bath. A protein quantification in the hardening bath according the method of 
Bradford was found to be greatly affected by the calcium present (the signal decreased more 
than 5 times). Therefore, hydrolytic activity against tributyrine of aliquots of the hardening 
bath was used to evaluate the lipase lost in the water bath (Fig 4.1.2.a). 
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Fig 4.1.2.a: Enzyme leaking in the calcium chloride hardening solution. Activity is assayed for the 
hydrolysis of tributyrine. 
After one hour of curing, 62 % of the initial activity was still retained in the alginate beads 
without further loss, probably due to size exclusion or ionic interactions (see 4.6 and 4.7 for 
details concerning the interactions of macromolecules and calcium-alginate matrix). Further 
experiments were performed with beads cured for one hour minimum in the hardening 
solution to ensure maximal reproducibility with regard to enzyme content. 
4.1.3 Diffusion and partition of substrates 
The diffusion of substrates from the hexane phase to the alginate bead leads to a high 
concentration in the aqueous phase. The diffusion of propionic acid (Fig 4.1.3.a) and butanol 
(Fig 4.1.3.b) were recorded by their decrease in the hexane phase while propionic acid butyl 
ester was measured by its apparition. The equilibrium of the substrates in the two phases 
was reached within the first 10 minutes with proper agitation. Tentatives to determine the 
diffusion of ester initially added to the alginate solution from and in the beads were 
unsuccessful, mainly because, it formed an emulsion in the alginate solution or a second 
phase when added to the hardening bath. Moreover, its concentration inside these solutions 
couldn’t be determined properly because of the low vapor pressure, low solubility, and 
consequent high evaporation during the preparation of the solutions. No significant 
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variations in concentration was detected when the ester was added to the hexane solution 
and the diffusion into the beads was measured. Equilibrium of the acid and alcohol 
concentration between the two phases occurred quickly considering to the enzymatic 
reaction which is still in the linear phase after 5 h (Fig 4.1.4.a). The determination of the 
partition was, in a first study, sufficient to estimate the substrate concentrations available for 
the enzyme in the aqueous phase.  
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Fig 4.1.3.a: Diffusion of propionic acid into a calcium-alginate bead. The one-bead reactor is assayed 
with an initial concentration of 50 mM propionic acid and 20 mM decane as internal standard. 
Concentrations are values obtained from two average measurements. 
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Fig 4.1.3.b: Diffusion of butanol in calcium-alginate bead. The one-bead reactor is assayed with 
initial concentrations of 50 mM propionic acid and 20 mM decane as intern standard. Concentrations 
are values obtained from two average measurements. 
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The partition coefficient are calculated to be 
 Ppropionic acid= 0.103 ± 0.002 (N=10) 
 Pbutanol = 0.334 ± 0.011 (N=10) 
The work of Heinemann (2003) describes that the acid concentration inside the alginate 
sphere leads to a pH of 3.6, even in the presence of Tris-HCl buffer (0.1 M, pH 7.5).  
4.1.4 Esterification reaction 
The single bead reactor and the batch present similar comportments (Fig 4.1.4.a) regarding 
the ester synthesis. The single bead reactor was consequently used as model for the batch 
reactor, providing higher screening potential (space and enzyme economy). The reaction 
was found to be in the initial velocity phase within the first 5 hours. 
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Fig 4.1.4.a: Kinetics of propionic acid butyl ester synthesis in the one bead reactor and a batch reactor 
of the same bead number/hexane volume ratio. Beads prepared according to standard conditions were 
issued from the same preparation. Substrate concentrations were butanol 60 mM, propionic acid 50 
mM. The activity was 0.42 µmole/min/mg bead and ml substrate solution for the single bead reactor 
and 0.45 µmole/min/mg bead and ml substrate solution for the batch reactor. 
4.1.5 Free calcium concentration 
Atomic absorption spectroscopy (AAS) was used to determine the free calcium content of the 
alginate beads. The calcium present in the beads and not involved in the network is 
determined by adding a known weight of beads and known weight of water in a precision 
vial. After equilibration, the calcium in the water phase was measured, giving a free calcium 
concentration of 0.088 M (less than 1% deviation over ten measurements). 
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4.2 Calcium-alginate beads alteration: the water drop phenomena 
4.2.1 What is the water drop ? 
1H-NMR imaging of calcium-alginate beads in cyclohexane-d12 reveal a clear loss of water 
from the bead structure in form of a falling drop when propionic acid diffused into the 
matrix (Küppers et al., 2002). As shown by these authors the quantity of water lost was a 
function of the initial acid concentration (assayed with 0.11 M and 1 M). Nevertheless the 
absence of suitable time-resolved measurements of this technology (45 minutes were needed 
for the acquisition of a single image) looking to the quick diffusion of propionic acid inside 
the gel (within the minute range), the costs of solvents containing deuterium atoms and the 
difficulty to obtain a high number of experiments in a relatively short time, required the 
study of the phenomenon with a more classical chemical methodology. 
4.2.2 Systematic study of the water drop 
The water drop was evaluated in a one-bead reactor (because of the similarity with the 1H-
NMR imaging experiments). Weighting the beads before and after the formation of the 
water drop allowed to quantify the water loss, and as the bead is mainly composed of water, 
the variation in volume. Nevertheless bead weight, expressed as percentage of the initial 
weight, was preferred because of the non-perfect spherical shape of the beads and because of 
the heterogeneity within the bead population (c.f. 4.1.1) 
Beads tested were about 32.1 mg ± 1.8 mg and propionic acid was (except noticed) 50 mM 
in the hexane phase. A weight reduction of 10 % corresponded to a water volume of ~3.2 µl. 
Concerning the substrates of the reaction, only propionic acid produce the water drop and 
no synergic effects with butanol is observed (Fig 4.2.2.a).  
The Fig 4.2.2.b demonstrate the slow apparition of the water drop compared to propionic 
acid diffusion. Simple ionic association or dissociation phenomena are not likely to explain 
the water drop because they are fast. Nevertheless, as the phenomena occur within a 
polymer, i.e. an association of macromolecular structures, local effect on the alginate 
network should be first amplified within the entire network before been detected by such 
insensitive (but easy) technique. 
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Fig 4.2.2.a: Weight loss of a 2-4 mm calcium alginate bead in the presence of the different substrates 
of the catalyzed reaction. The values given are the average of at least 5 measurements. 
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Fig 4.2.2.b: Comparison of propionic acid diffusion into the bead and occurrence of the water drop. 
The phenomenon could be reproduced with a wide variety of carboxylic acids, from C2 to 
C5, but disappeared with longer carbon chains (C8) (Table 4.2.2.c). All the acids tested 
presenting approximately the same pKa but quantitatively different effects, the weight loss 
can be assumed to be the result of the partition of each acid (see Fig 4.2.2.d for the 
partitions): A higher polarity of the acid, meaning a higher partition into and consequently a 
higher concentration in the beads. The log P was found to be a linear function of the carbon 
number (for non-branched acids) in both octanol/water and hexane/alginate systems (Fig 
4.2.2.d). Partition is stronger in hexane/alginate than in octanol/water because of the higher 
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hydrophobicity of hexane. This is in accordance with the results observed by Küppers et al. 
(2002) concerning the effect of propionic acid concentration: Higher partition is concomitant 
with higher acid concentration in the gel and consequently higher water loss. This 
experiment means also that the phenomenon is directly linked to the carboxylic acid 
chemical function, not directly to the acid chain length or structure. 
Carboxylic acid pKa Weight reduction [%] 
Acetic acid (C2) 4.76 7.31 
Propionic acid (C3)  4.92 5.13 
Butyric acid (C4) 4.82 3.44 
Isobutyric acid (C4) 4.84 3.04 
Valeric acid (C5) 4.84 3.48 
Isovaleric acid (C5) 4.77 3.58 
Caprylic acid (C8) 4.89 1.12 
Table 4.2.2.c: pKa of usual carboxylic acids tested for producing the water drop. Weight reduction is 
indicated as percentage of water loss compared to beads stored in hexane.  
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Fig 4.2.2.d: Partition of short chain carboxylic acids in octanol/water and  in hexane/calcium-
alginate systems. C2: acetic acid, C3: propionic acid, C4: butyric acid, iC4: isobutyric acid, C5: valeric 
acid, iC5: isovaleric acid, C8. caprylic acid. 
Like alginate, the carboxylic function of propionic acid is able to form complexes with 
calcium (c.f. 4.7) and competition could occur for the calcium ions. However, alginate beads 
produced with other divalent and trivalent ions (Fig 4.2.2.e) also produced a water drop, 
even with ions not known to form complexes with propionic acid like Fe2+ or Mn2+. There is 
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no direct correlation between the weight loss and the ion molecular weight and up to 33% of 
the weight was lost with Zn2+. This variation is not due to the different affinity of the 
alginate to these ions according to the affinity series described in 2.5.3. The formation of a 
calcium-propionate complex doesn’t seems to be the cause of the formation of the water drop 
(c.f. 4.7). It should be noticed that Fe2+ and Fe3+ ions produced beads resistant to water loss. 
The pH of the hardening bath was found to be around 2. When FeCl2 hardening bath was 
buffered to pH 7 with 1 M Tris-HCl, the capacity to resist to the water loss disappeared and 
was consequently linked to the initial pH. 
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Fig 4.2.2.e: Weight loss in the presence of 50 mM propionic acid for beads produced with different 
gelling ions. Residual weight was calculated from a minimum of 5 measurements. HCl: alginic acid 
beads. 
This was confirmed when calcium-alginate beads were transformed into alginic acid beads: 
No water loss was observed for such beads where the initial pH was about 1 (HCl in Fig 
4.2.2.e). Propionic acid diffusion into the gel sphere lead to a pH drop below 3.6 in the 
investigated system (Heinemann, 2003). 
4.2.3 Chemical analysis of the water drop 
In order to get more information about the water drop composition, the total water drop 
from 50 beads produced in 50 ml hexane was collected and analyzed by HPLC, AAS and for 
sugar content, revealing 648 mM propionic acid, 0.184 M Ca2+ and no sugar (alginate). 
Under these conditions, the different forms of propionic acid, propionate and calcium-
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propionate were 93 %, 3.4% et 2.6 % respectively (according to the constants determined in 
chapter 4.7). The chelation of calcium by propionic acid consequently doesn’t occur under 
this conditions, i.e. the hypothesis of the water drop caused by calcium propionate formation 
was infirmed. As the calcium content in the water drop is equivalent to the calcium 
concentration in the hardening bath, and higher than the free calcium content inside a bead 
(0.088 M) an alteration of the network is suggested, taking into account alginate is not 
released in the water drop but stays in the network. The new structure is closed enough to 
keep entrapped Candida rugosa lipase (59kDa) or white egg albumin (45 kDa) as these 
enzyme are not detected in the water drop by activity measurement or by spectrometry after 
fluorescent labeling (dansyl chloride). Small molecules, assayed by the fluorescent methyl-
umbelliferone (176 Da) were nevertheless re-found in the water drop. Ionic interactions with 
proteins could be preserved or the network could be closed enough to retain the proteins. 
4.2.4 Resistance of the beads to initial pressure 
Measurements of the breaking point of beads submitted to different concentrations of 
propionic acid (0-500 mM) presented the same profile (cf. 3.5.6), but the initial resistance to 
the pressure increased with the propionic acid concentration. The calcium-alginate network 
evolved to a structure of closer density (higher resistance to pressure), in accordance with 
the weight decrease and water release. A closer network also explains the increased 
entrapment capacity for proteins. Resistance values are given as indicative values because 
the calculations used are performed to normalize the results more than to give absolute data. 
The origin of the alginate and its molecular structure (i.e. its G-block content) certainly 
changes the mechanical properties as proved by Yamagiwa et al. (1995), limiting this 
numerical study to the used alginate preparation. Homogeneity in the alginate network will 
also certainly influence the profile, but was not investigated. The diameter measured by the 
resistance to pressure measurements, also reported as indicative value on Fig 4.2.4.a., 
showed a clear reduction in the average bead diameter (measured over 5 beads), compared to 
beads without treatment with propionic acid. 
4.2.5 Particle sizing experiments 
Changes in the volumes were evaluated with 100 µm beads and particle sizing experiments 
(Fig 4.2.5.a). Interestingly, in these experiments, beads appeared larger after the diffusion of 
propionic acid, the mean diameter shifting from 110 µm to 208 µm and bead population 
presenting a broader size range (from 87 to 172 µm at half height to 164 to 320 µm). A 
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wider network of the alginate should be concluded from these experiments, in strong 
conflict with the results presented above. This is discussed in 4.2.3.  
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Fig 4.2.4.a: Evaluation of the initial resistance to pressure of alginate beads submitted to different 
propionic acid concentrations. 
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Fig 4.2.5.a: Size repartition of 100 µm alginate beads before and after treatment with 50 mM 
propionic acid in hexane. Size is expressed as percentage of the total volume measured.  
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4.2.6 Explanation of the water drop by alginic acid hydrogel formation. 
From the presented results, the following network alteration is proposed: as the propionic 
acid diffuses into the gel, the pH drops strongly (Heinemann, 2003), and consequently the 
carboxylate function of alginate is protonated to its alginic form (Fig 4.2.6.a). Alginic acid 
also exists as a solid hydrogel as described by Atkins et al. (1973 a and b) which explains 
why the integrity of the beads is maintained. A good correlation between the pH drop 
proposed by Heinemann et al. (2003) and the weight loss is found (Fig 4.2.6.b). 
 
Fig 4.2.6.a: Proposed scheme for the alginate network evolution in the presence of acids. Grey balls 
indicate divalent calcium ions. Full lines indicate the actual border of the network while dotted lines 
show previous limits. The arrows correspond to the radius of the sphere, noted with the same line code. 
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Fig 4.2.6.b: Correlation between pH and weight loss. pH values are from Heinemann et al. (2001). 
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The comparison of calcium-alginate and alginic acid networks (Table 4.2.6.c) shows a higher 
number of alginate strands (2 and 3, respectively) per motive. The size of theses motives i.e. 
the volume of the minimal repetitive unit in crystallographic studies, is also smaller for 
polymannuronic acid (7.58 Å) than for calcium-polymannuronnate (15.00 Å), leading to a 
higher number of alginate strand in a smaller volume. The alginic acid consequently forms a 
smaller network, considering the approximation of the inexistence of heterogeneous alginate 
crystallographic structures. The network will be locally differently organized, high GG-
blocks being in the polyglucuronic acid form while MM-blocks arrange as polymannuronnic 
acid. MG-blocks will probably present intermediate or hybrid structures. 
Gel Number of strands Motif size [Å] 
Calcium-alginate   
Calcium-polymannuronate 2 15.00 
Calcium-polyglucuronate 2 8.70 
Alginic acid   
Polymannuronnic acid 3 7.58 
Polyglucuronic acid 3 8.60 
Table 4.2.6.c: Structural characteristics of the different alginate motives (from Atkins et al., 1973a 
and 1973b, and Stokke et al, 2000). 
Considering the network getting closer (shown by the breaking point measurements), the 
water drop is easily explained by simple expulsion from the network. The pore size is 
sufficiently large for releasing of small molecules but proteins are retained more probably by 
size exclusion than by ionic exchange because of the absence of a charged support. This also 
corresponds with the fluorescence study of labeled-white egg albumin where more enzyme is 
detected in the hardening bath when pH was decreased (cf. 4.6).  
The pKa of alginic acids are 3.6 and 3.8 meaning that at pH 3.6 (pH inside the bead at a 50 
mM propionic acid concentration) about 50% of the carboxylate functions of alginate are 
converted to carboxylic ones. Unfortunately, it was not possible to define the calcium-
alginate dissociation constant because of the alginic acid precipitation at low pH and the 
alginate gellification in the presence of calcium to evaluate more precisely the fraction of 
alginate modified.  
Some authors (Yamagiwa et al., 1995; Øyass et al., 1995; Martinsen et al., 1992) noticed a 
reduction in the diffusion coefficient of lactate and glucose in alginate gels when the pH 
dropped below 6.0 or 5.5, according to the authors. An interaction between alginic and 
theses small molecules was assumed but our experiments lead to show that the diffusion 
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limitation should be caused by the modification of the network (probably by the increase of 
the reticulation of the gel).  
The particle sizing experiments could also be explained by the network contraction theory: 
the beads measured before the experiment were classical calcium-alginate beads but the 
beads measured after the experiment were partial alginic acid beads. When placed in the 
particle sizer chamber, which is composed of water (pH ~6.8), the alginic acid dissociates to 
alginate (the dilution is about 1000 time), without the presence of sufficient calcium 
concentrations, leading to the dissociation of the bead. When this dissociated bead was 
measured, it appeared larger than expected. This artifact of the measurement completes the 
theory by showing the reversibility of the process. 
The network alteration is a crucial point in the investigated system, but should be 
generalized to systems where lactic acid bacteria are immobilized. In these cases, the pH 
diminishes also with the acid production (Øyass et al., 1995, Zhang et al., 2000), and the 
mechanical strength of the immobilizate (especially to cell growth pressure) will be modified. 
4.3 Agglomeration and suspension of 100-200 µm calcium-alginate beads 
During a scale-up process with 100-200 µm beads, the water film remaining between each 
alginate bead leads to aggregation. The “one-bead” reactor studies allowed to neglect this 
aggregation factor for a start. The aggregation affects the mass transfer of substrates and a 
model build for a single bead will not be applicable to reactors, especially because of the 
heterogeneity of the agglomerates. The water drop lead to a two-phases system (hexane and 
alginate-aqueous) without dispersion of the water phase. Application of such beads in a 
packed-bed reactor remains possible (Hertzberg et al., 1992; Frings et al., 1999) but 
fluidized-bed or batch reactors, where “infinite” solvent volumes are considered, are still not 
existing. 
4.3.1 Changing the polarity between the solvent and the alginate. 
In order to decrease the hydrophilic/hydrophobic repulsion forces (and to decrease the 
hydrophilic attraction of the beads themselves), modifications of the alginate surface were 
envisaged but not performed, with regard to the system becoming more difficult to describe. 
Calcium-alginate hydrogel is commonly covered with poly-L-lysine or poly(ethylene)imines 
to prevent aggregation in implants and increase the mechanical resistance. The adsorption 
to cells surface of the host organism is prevented after a second coating with polyanionic 
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polymers. Such methodologies, however does not increase the hydrophobic surface of the 
gel. 
Modification of the carboxyl residues of alginate by chemical reaction was found to be 
useless because the water present in the beads was a competitor of acyl chlorides or 
anhydrides. The use of linking reagents like CDI (N,N´-carbonyldiimidazole) was also 
unsuccessful because they diffused into the gel and reacted with all carboxyl groups, not 
only the ones present at the surface. Thus the chemical modification of the surface by such 
strong chemicals lead to uncontrolled modification of alginate and entrapped enzymes.  
Consequently, the modification of the solvent polarity was investigated. Introducing more 
hydrophilic groups in the solvent phase decreases the difference in polarity between the 
solvent and the beads surface and should allow better separation. Twelve solvents, classed 
according to their log Pow, were tested (Table 4.3.1.a). 
Solvent Bead separation Log Pow Dielectric constant (ε) Water uptake 
(mgwater/g solvent) 
Hexane - 3.90 1.98 0.0684 
n-Bromohexane - 3.80 5.8 4.0120 
Cyclohexane - 3.44 2.0 0.0828 
Chlorocyclohexane - 3.36 7.6 5.4000 
Bromocyclohexane - 3.20 - 3.4000 
Octanol + 3.07 3.4 27.500 
Hexanol + 2.03 13.3 41.680 
Chloroform - 1.97 3.7 1.2200 
Dichloromethane - 1.25 9.1 2,1800 
1,2-Dichloroethane - 1.25 10.3 2.5300 
Butanol + 0.84 17.8 200.70 
Ethanol + -0.30 24.3 ∞ 
Methanol + -0.74 32.6 ∞ 
Water + -1.38 55.3 ∞ 
Table 4.3.1.a: Capacity of various solvents to separate calcium-alginate beads, classed according to 
their hydrophobicity (log Pow). Water uptake is the water content of the organic phase after 
equilibration with water, determined by Karl-fisher titration.  
Log Pow (describing the partition of an solvent in a octanol-water two phase system) was 
chosen to describe the polarity because it takes into account the molecule structure 
(including hydrogen bonds, enthalpy and dipole moment), and because it’s often used to 
describe the hydrophobicity of a solvent (Ullmann´s encyclopaedia of industrial chemistry, 
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1996). The dielectric constant (ε) also reflects the polarity of a solvent but presents the same 
tendency as log Pow, and takes into account a fewer number of parameter (mainly the dipole 
moment, but not the presence of alkyl chains in the solvent molecule structure). The 
dielectric constant is also strongly submitted to temperature, while the log Pow is fewer 
temperature dependent.  
Nor log Pow nor ε were able to describe correctly the separation of the beads. Separation was 
obtained only with alcohols able to solve high amount of water (Table 4.3.1.a). This could be 
interpreted as the capacity of the solvent to replace the water forming the water film at the 
alginate interface and its capacity to solve it. Alcohols, possessing a high capacity to form 
hydrogen bonds, are consequently optimal to obtain such effects. 
Among alcohols, octanol, hexanol and butanol present relatively high hydrophobicity (log 
Pow>0) compared to the other ones (methanol and ethanol), and induced a clear reduction in 
the bead volume of 90, 86 and 87 % respectively, as measured by particle sizing experiments. 
This effect was the result of the capacity of the alcohol to solve high amount of water 
without being itself soluble in water. Solvent mixtures of octanol with hexane revealed an 
increase in the water content of the solvent phase with the alcohol (Fig 4.3.1.b). 
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Fig 4.3.1.b: water content of the total organic phase (10 ml) and bead size ratio in octanol: hexane 
mixtures after equilibration. Reactor used was an overhead shaker reactor. 
Unfortunately, the separation occurred only when all water was solved: When more than 
40% of octanol is necessary to obtain a clear separation of 100-200 µm beads, the water 
content of the solvent increased up to solve 90 % of the water of the bead (assuming beads 
are made of 100% water), while the volume of the beads decreased of about 90 %. A similar 
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comportment was observed with butanol and hexanol: ~90 % of the water contained in the 
bead was extracted by the neat alcohol (or mixtures with hexane) before a clear separation 
could be observed. When beads stored in hexanol were taken and suspended in deuterated 
water (D2O), no signal corresponding to water (H2O) under the liquid form could be 
detected by 1H-NMR (the chemical shift of protons in water is detected at 4.8 ppm by 1H-
NMR). Pre-saturating the solvents with water didn’t lead to apparent size reduction but the 
fast water exchange between the two phases should be envisaged and side products are 
observed: propionic acid octyl ester was identified by GC/MS and could be suspected 
looking to the broad substrate range of Candida rugosa lipase (Benjamin and Pandey, 1998). 
Water-saturated octanol could be used to separate polar hydrogel beads in a two-phase 
system as long as the entrapped biocatalyst is unable to use (and is not inhibited by) octanol. 
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Fig 4.3.1.c: Water content of the total organic phase (10 ml) and bead size ratio in pure organic 
alcohols after equilibration. Reactor used was an overhead shaker reactor. 
Ethanol and methanol are, in contrary, totally water soluble. A net water increase is 
observed in the organic phase without important apparent size reduction (10 % and 16 % for 
methanol and ethanol respectively). The water of the bead must be consequently exchanged 
with the solvent molecules (results are resumed in Fig 4.3.1.c). Lipase denaturation could be 
expected as shown with other water-miscible solvents like acetonitrile, tetrahydrofurane or 
propan-1-ol (Griebenow and Klibanov, 1996) but activity was not assayed. In no case, using 
water-saturated alkyl alcohols instead of hexane lead to preserve the bead integrity and 
provide separation at the same time. 
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Acetone (which is not an alcohol but presents high polarity) acted like ethanol or methanol, 
but no water content measurements could be performed in such a solvent limiting the 
available information.  
4.3.2 Addition of surfactants 
The separation of the beads was obtained with hydrophobic alcohols because of their 
amphiphilic nature. Surfactants present also this property (polar head and hydrophobic tail) 
and are often used in classical two-phase systems to decrease the surface tension and 
stabilize the two-phase structure in a micelle or reversed micelle form, increasing also the 
surface of exchange between the two-phases (Feliu et al., 1995). The intercalation of 
surfactant molecules between the hexane and the alginate phase should allow the reduction 
of the described water film effect resulting in the separation of the beads. 
4.3.2-A Non-ionic surfactants 
Non-ionic surfactants were primary tested because of their low toxicity and high 
biodegradability. 
Small concentrations (0.1 to 2 % w/v or v/v) of the surfactant were added to a pre-existing 
calcium-alginate/hexane system and evaluated for efficient separation. Among the non-ionic 
surfactants, Brij® 30 V, Brij® 35V, Brij® 56V, Brij ® 76V, Brij® 96V (all polyoxyethylene 
ethers), Span® 85 (sorbitan trioleate), Tween® 80 (polyoxyethylenesorbitan monoloeate) and 
Triton® X-100 (t-octylphenoxypolyethoethanol), Span 85® and Brij® 96V were the only 
ones able to succeed in bead separation, but beads disaggregated within 24 hours at 30°C in 
overhead shaking agitation with Brij® 96V. Further studies with Span® 85 (0.1 % v/v in the 
hexane phase) revealed at least three side products in presence of Candida rugosa lipase. 
Analysis by GC/MS of two of these products revealed molecules of 281 and 338 Da. The 
first one presented the mass spectra and retention time of oleic acid (Fig 4.3.2.a) while the 
second one presented a mass spectra which correlated with oleic acid butyl ester (Fig 
4.3.2.b). Obviously, Span® 85 was hydrolyzed to produce oleic acid (for which this lipase 
presents a high specificity) or is trans-esterified with butanol. The high heterogeneity of the 
Span® 85 alkyl residues (Oleic acid 74%, linoleic acid 7%, palmitoleic acid 7%, palmitic acid 
7%, linolenic acid 2%, according to the manufacturer) could lead to further side products but 
this was not observed, certainly because of the lower specificity of the Crl for theses alkyl 
chains or accessibility in the Span® 85 molecule. 
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ig 4.3.2.a: Mass spectra of side product 1 (A), obtained from sorbitan trioleate (B) and 
orresponding to oleic acid (MW 281 Da) (C). R is (CH2)7-CH=CH-(CH2)7-CH3. 
 
ig 4.3.2.b: Mass spectra of side product 2 (A), obtained from sorbitan trioleate (B in fig R5.2a ) and 
orresponding to oleic acid butyl ester (338 Da) (C). 
4.3.2-B Ionic surfactants 
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in the presence of AOT, no ester was detected. A strong inhibition of the enzyme itself was 
strongly suspected, idea which correlated with limitation of the enzyme activity to the 
interface (c.f. 4.5). CTAB and CTAC were found to provide an efficient separation, and  ionic 
bound formation between the carboxyl residues of the alginate and the positive charges of 
the ammonium functions was proposed, as described for non-polymerized alginate by Babak 
et al. (2000). Nevertheless, a strong loss in the overall activity of 60 % and 30 % was 
observed with CTAB and CTAC respectively. A direct inactivation of the enzyme located at 
the interface could be the reason (Holmberg et al., 2000). The bromide counter ion was 
suspected to be responsible of the difference of comportment between the two cationic 
surfactants (about 30 %). No evidence however was found to explain the eventual direct 
interaction between Crl and bromide ion (Br-) except for its size (1.96 Å ionic radius) and 
electronegativity (χ 2.96) compared to chloride ion (Cl-, 1.67  Å ionic radius, χ 3.16) which  
seems to indicate a higher possibility to form bulky ion pairs able to perturb the lipase 
mobility. 
The influences of the surfactants used are resumed in Table 4.3.2.c. 
Surfactant Residual activity [%] Drawbacks 
None 100 No separation 
Non-ionic   
Tween® 80 n.d. No separation 
Triton® X-100 n.d. No separation 
Span® 85 100 Side products 
Brij® 96 V 105 Bead disruption 
Ionic   
CTAB 40 Activity loss 
CTAC 69 Activity loss 
AOT 0 No activity 
Table 4.3.2.c: Influence of some surfactants tested on ester synthesis by entrapped lipase and drawbacks 
observed. 
When the CTAC concentration was varied from 0 to 12 mg/ml hexane (0 to 40 mM), the 
lipase activity decreased with the increasing concentration of CTAC. Above 8 mM CTAC, 
no further activity loss is observed (Fig 4.3.2.d). If partition is followed by the same way, 
strong influence on the substrate partition was observed leading to higher substrate 
concentration in the alginate beads in the presence of CTAC than without (Fig 4.3.2.e) 
(theses experiments were performed with the single bead reactor for practical reasons).  
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Fig 4.3.2.d: Synthetic activity of a one bead reactor in the presence of increasing concentrations of 
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Fig 4.3.2.e: Partition of substrates influenced by the presence of CTAC. 
The partition could partially explain the activity loss by decreasing the substrate 
concentration in hexane (cf. 4.9): the butanol concentration in hexane decreased from 13 mM 
to 2 mM in the presence of 0 to 46 mM CTAC, while propionic acid concentration 
diminished from 39 to 14.9 mM in the experiment described above. The decrease of the 
partition coefficient could be explained by a decrease the energy barrier between the hexane 
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and the alginate phase (the boundary layer is disrupted by amphiphilic molecules). As the 
partition was continuously affected in the CTAC concentration range between 0-26 mM 
range when activity was only affected between 0-8 mM CTAC, the inactivation by substrate 
limitation was not the only phenomenon involved, if responsible for inactivation at all. 
Direct interactions between the lipase and the surfactant could be expected, and was shown 
by Holmberg et al. (2000) for Humicola lanuginosa lipase and another  similar cationic 
surfactant (tetradecyl trimethylammonium bromide). Gelamo and Tabak (2000) showed a 
strong pH-dependent interaction between bovine serum albumin (BSA) and CTAC, an 
interaction which reduced the percentage of α-helices in the secondary structure of BSA 
supporting the idea of Crl denaturation (CTAC concentration was up to 16 fold higher in the 
investigated system than in the BSA experiment). The penetration of the CTAC molecule 
(and other amphiphilic molecules like the inhibitor (cf. 4.5)) in the gel structure is difficult to 
evaluate, but could be predicted to be less than with the DNPHP inhibitor (cf. 4.5 and 3.6) 
because of the methyl groups in the polar head (3 methyl residues are present in CTAC 
while a p-nitrophenol ring and a phosphorous atom are found in the DNPHP), certainly 
explaining, that higher activity than with the inhibitor was observed when the surfactant is 
present at “saturation”. The intercalation of the surfactant in the active site of the enzyme 
was also proposed by Jutila et al. (2000), leading to a “half-opened” conformations, i.e. to 
lower activity. The partition was no more affected at concentrations higher than 26 mM 
certainly due to saturation of the alginate surface by a CTAC monolayer. If beads are 
considered to be perfectly round (average diameter was 1.9 mm in these experiments), 26 
mM CTAC correspond to about 18250 CTAC molecules per Å² of beads surface. The polar 
head of a CTAC molecule as a hydrodynamic radius of about 11.1 Å (corresponding to a 
surface of 387 Å²). Limiting the CTAC to a single monolayer is impossible considering the 
size of a CTAC molecule and the bead surface. Such high CTAC content could be explained 
by the heterogeneity of the alginate surface, notably the presence of rifts (Ouwerx et al., 
1998), increasing its theoretical surface and by the necessity of CTAC to remove all the 
water film before covering all the bead, i.e. constructing intermediate structures (lyotrophic 
mixtures, micelles and lamellar structures), especially in absence of pH control (cf. 4.8). 
Adsorption of the surfactant molecule to the reactor wall could also occurs.  
Ecological effects of the surfactant were finally considered, and ionic surfactants, especially 
quaternary ammonium,  are irritating agents and should be considered with care before 
scaling-up this kind of system for the production of food stuff. It is difficult to generalize the 
use of surfactants to other stabilized two-phase systems, but reducing the surface charge and 
solving the water film seems to be an essential point.  
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4.3.2-C Partial determination of the hexane/water/CTAC phase diagram 
During the esterification reaction catalyzed by the lipase, a new “jelly-like” phase appeared 
when CTAC is present (this was also noticed with some other surfactants which were 
excluded from discussion for their incapacity to disperse the beads in hexane). This new 
phase could be obtained when propionic acid was added to the alginate/CTAC/hexane 
system, but was not observed with butanol only.  
Previously, a gel contraction resulting of the diffusion of propionic acid and resulting in a 
high water release, describe as “water drop”, was identified (cf. 4.2).  
The presence of a lyotrophic phase in the system increases the number of phases to study 
(passing from a two-phase system to a three-phase system), with regard to diffusion and 
partition. Taking account into a mathematical model this phase formation is a hard problem 
because it appears during the process and its existence changes some of the model 
statements as the stability of the system. 
 Partition of 100-200 µm alginate beads into this phase was also observed (forming an 
alginate phase in a lyotrophic phase in a hexane system) and will probably cause high 
diffusion limitations, as lyotrophic phase have a lower molecular mobility because of their 
ordered molecular association. 
This new phase is suspected to be also a consequence of the water drop. Amphiphilic 
molecules are usually able to organize themselves with an organic solvent and water in 
complex structures called lyotrophic mixtures. A partial phase diagram of the 
hexane/water/CTAC system was determined (Fig 4.3.2.g).  
 A B C 
Hexane 0.97 0.86 0.81 
Water 0.024 0.13 0.176 
CTAC 0.004 0.003 0.0003 
Calcium ions (Ca2+) - - 0.00057 
Butanol - - 0.0062 
Propionic acid - - 0.0052 
Chloride ions (Cl-) - - 0.00114 
Table 4.3.2.f: Composition of the model medium similar to the water drop/hexane (A), 
alginate(water)/hexane (B) and reaction media (C) systems. Values are given in molar fractions. 
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It should be noted that the existence of three different phase (L1+O+W) at the same time is 
rarely observed with classical non-ionic surfactants used in biotechnology  (alkyl glucosides, 
AOT) and is certainly due to the positive charge of CTAC.  
 
Fig 4.3.2.g: Phase diagram of the hexane/water/CTAC system at 30 °C. W: water phase (aqueous 
solution), O: Organic phase (hexane solution), L1: Lyotrophic phase 1 (emulsion), L2: Lyotrophic 
phase 2 (solid gel). Circles are experimentally determined points. 
The phase diagram structure (position of each phase in the diagram surface) obtained is 
similar to the published one for isooctane/water/AOT, (Carvalho and Cabral, 2000) with 
one important exception: no reverse micelle phases was observed and the lyotrophic phase 
L2 represents fewer mixture combinations. Again the structure of the CTAC should explain 
this comportment: CTAC is added in form of an ion pair (CH3-(CH2)15-N+(CH3)3Cl-) which is 
not soluble in hexane, and will accumulate at the water/hexane interface. 
When a system similar to the investigated alginate/hexane/CTAC system (column B in 
Table 4.3.2.f) was built in the same proportions by exchanging alginate for water, a simple 
two-phase system O + W was observed. Another media simulating a typical water drop led 
also to a O + W system (the molar fractions are given in Table 4.3.2.f, column A). 
The lyotrophic mixture in the alginate/hexane system was consequently also dependent on 
other molecules present. Calcium ions, propionic acid and butanol will influence the phase 
diagram behavior. Considering the influence of others species present in a 
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water/solvent/surfactant system, it was shown by Sager (1998) that the presence of 
impurities influence greatly the AOT/isooctane/water system. Butanol was also shown in 
some case to be necessary to obtain reversed micelles (Orlich and Schomacker, 2001), i.e., 
influencing the formation of lyotrophic phase. Based on these remarks, the presence of 
substrates or ions in the Alginate/CTAC/Hexane system could greatly influence the 
structure of the phase diagram.  
The construction of phase diagrams including all these parameters (hexane, water, butanol, 
propionic acid, calcium and CTAC) is an exhaustive work which is only valid in the 
investigated system. Nevertheless, a mixture simulating the water drop composition was 
added to hexane in absence and in presence of calcium (180 mM, Table 4.3.2.f column C). 
When no calcium was used, no L1 phase was observed (O +W only) while the L1+O+W 
system was obtained with 0.088 and 0.18 M calcium chloride. 
The presence of calcium displaced the (W + O) /(W + O + L1) border of the phase diagram 
4.3.2.g to a higher hexane content. 
These results allowed us to confirm the suitability of CTAC for bead separation, as long as 
the beads don’t loose water, i.e. as long as the pH could be kept constant despite propionic 
acid diffusion (cf. 4.2 and 4.8).  
4.3.3 Alginate bead suspension for fluidized-bed reactors 
The application of hydrogels in organic solvents shouldn’t be limited to a laboratory 
approach but evaluation of their potentiality in preparative scale should be performed.   
The use of a fluidized-bed reactor was assayed with the aim to get informations about the 
feasibility of such a reactor, and to evaluate the possibility of scaling up data and model 
obtained from one-bead reactors. A fluidized-bed is preferred over a batch reactor because of 
the lower mechanical shear forces present, and consequently the lower bead abrasion. A flow 
up to 300 ml/min in a tubular reactor was assayed without success, leading to the necessity 
of getting more in detail about the features of kind of reactor. 
Particles are classically submitted to three forces in a fluidized-bed reactor: the gravity force 
(FG), the Archimedes pressure (FA) and the drag force of the solvent flow (FW), defined in 
the set of equations 4.3.3.a-e: 
WAG FFF +=  4.3.3.a 
gdF beadbeadG ⋅⋅⋅⋅= ρπ 33
4
 4.3.3.b 
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gdF solventbeadA ⋅⋅⋅⋅= ρπ 33
4
 4.3.3.c 
udF beadsolventW ⋅⋅⋅⋅⋅=
2
4
1
πρξ  4.3.3.d 



 ⋅
==
solvent
beadduf
υ
ξ Re  4.3.3.e 
where dbead is the diameter of the alginate particles, ρbead the density of alginate beads, ρsolvent the 
density of the solvent, g the acceleration of the gravity, u the superficial flow velocity, Re the 
Reynolds number of the particle, ξ the drag coefficient of a single particle and νsolvent the 
solvent viscosity. 
Suspension with a minimal flow (i.e. minimal energy costs) could be achieved when the 
superficial velocity is zero (v=0), i.e. by reducing this equation set to FG = FA, when the 
solvent density is the same as the alginate one (from 4.3.3.a-c). Fixing these constraints 
(v=0) allow the evaluation of a system which is independent of the bead size (diameter, 
describe in 4.3.3.d) and in which knowledge of the organic solvent could be limited to its 
density (4.3.3.c). Conclusions should be suitable for any hydrogel/organic solvent system. 
Mixing a solvent of high density with hexane lead to an organic phase of high density, and, 
if correctly chosen, presented high hydrophobicity and low vapor pressure. The European 
community directives are strict concerning the use of organic solvents, specially in the food 
industry. Solvents allowed in food stuff under special conditions are plotted with regard to  
their physical properties (log Pow and density) in Fig 4.3.3.f. Only one hydrophobic solvent 
of high density (dichloromethane) is allowed in the food industry in all extraction processes. 
The other solvents are polar alcohols of low density. Only two apolar solvents with low 
density might be used (hexane and cyclohexane). Mixtures of hexane (or cyclohexane) with 
dichloromethane in the appropriate ratio leads to mixtures of a density near 1 with a still 
high hydrophobicity. The log Pow of a solvent mixture could be calculated from the molar 
fraction of each solvent and its independent log Pow (Halling, 1994), the density or the 
viscosity, however, can’t be strictly assumed by this way and specific measurements need to 
be performed for each specific mixture. 
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Fig 4.3.3.f: Solvents permitted by EU directives for use in food industry plotted according to for their 
density and log Pow. a: ethanol, b: acetone, c: methyl acetate, d: ethylmethylketon, e: diethylether, f: 
dichloromethane, g: cyclohexane, h: hexane, i: butan-1-ol, j: butan-2-ol, k: propan-2-ol, l: methanol 
Data collected from literature about experimental densities of solvent mixtures reveal 
nevertheless a good approximation (less than 1% error in a linear regression) between the 
observed density and theoretical density calculated from molar fraction according to 
equation 4.3.3.g. Theses works were performed for halo-hydrocarbons and alcohols mixtures 
and for alcohols and hydrocarbons mixtures (Artigas et al., 1998; Nath and Pandey, 1997). 
 2211 ρρρ ⋅+⋅= XXltheoritica  4.3.3.g 
where ρi is the density of the solvent i and Xi its molar fraction in the mixture. This 
approximation (strictly true only for gases) was used to obtain solvent mixtures of various 
theoretical densities, without expecting sever error. When mixtures of calculated density of 
1.1 were prepared, 2-4 mm beads (ρbeads=1.022) were found to “float” on the solvent surface, 
in solvents of a theoretical density of 1, the beads “sink”, validating the above  
approximations (Equation 4.3.3.g). Activity was measured in an overhead shaker in the 
presence of 0.1 % (w/v) CTAC for bead separation and reported in Fig 4.3.3.h., for mixtures 
with solvents allowed by the EU directives and with solvents, presenting high density and 
hydrophobicity. All the solvent mixtures tested were able to provide an efficient suspension 
of the alginate beads.  
As seen in Fig 4.3.3.h, the chlorinated solvents lead to a strong inactivation probably either 
due to enzyme denaturation, or due to a strong influence on the partition. Dichloromethane, 
especially lead to strong inactivation at densities lower than the one whished (more than 93 
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% activity was lost when the theoretical density of the mixture was ~0.84). Chloroform and 
1,2-dichloroethane presented similar comportment. These solvents are few soluble in water 
and shouldn’t be solved inside the aqueous phase. If Crl presented activity only for enzymes 
molecules located at the interface with the organic mixture (cf. 4.5), it is consequently more 
likely to be denatured with chlorinated molecules also present at this interface. Only one 
solvent, among all tested, was able to retain the enzymatic activity: bromocyclohexane 
which also presents a strong activation capacity. Unfortunately, bromocyclohexane is a 
solvent which has numerous drawbacks for scale-up applications: first of all, it’s a 
photosensitive molecule, i.e. it degrades in the presence of light, limiting its recycling. 
Second, it’s more expensive than hexane (about two times) and the ecological impact is not 
negligible. Finally, the activity observed can’t be totally excluded to be an interference from 
the solvent itself because analysis by gas chromatography (peak separation) is difficult with 
bromo-derivates. 
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Fig 4.3.3.h: Residual activity expressed by calcium-alginate beads in the presence of mixtures of 
organic solvents at final density of 0.73 to 1. Hx: hexane, CH2Cl2. dichloromethane, cHx: 
cyclohexane, BrcHx: bromocyclohexane, ClcHx: chlorocyclohexane, CHCl3: chloroform, 12DclEt: 1,2-
dichloroethane. 100 % activity was fixed for beads in hexane and CTAC (correspond to 1.03 mM/h). 
(physical properties of the solvent tested are given in annex 1) 
A fluidized bead reactor could be obtained, despite of the high difference of density between 
the hexane and alginate phases, by increasing the density of the organic phase with another 
water-immiscible organic solvent. The activity loss seems to be a particular problem of 
entrapped lipases which, due to the localization of the active molecules at the interface, are 
directly in contact with deleterious chlorinated solvents. 
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The immobilization of cutinase in alginate (cf. 4.10) or the application of this methodology 
to other stabilized two-phase systems with non-interfacial enzymes like alcohols 
dehydrogenases (Ansorge-Schumacher et al., 2002) should lead to efficient fluidized-bed 
reactors. The preference should be given to hexane/dichloromethane mixture for ecological 
reasons. 
4.4 Purification of Candida rugosa lipase from commercial preparation 
Commercial preparations of Candida rugosa lipases are sold as cell crude extract 
supplemented by sugars (lactose) as stabilizing agents. Each preparation is different in terms 
of protein content but also in isoform content. In order to obtain reliable kinetic values, 
purification of the isoform was envisaged in a preparative scale perspective, i.e. by 
minimizing the number of steps. 
Existing protocols are exhausting and present low yields. They combine gel filtration, ion 
exchange chromatography, and chromatofocusing (Grochulski et al, 1993) or ion exchange 
followed by size exclusion chromatography (Ruà et al., 1993). Between all these step 
lyophilization, ultrafiltration and dialysis, which are time consuming, are performed. If pure 
proteins are obtained, the yield is low (below 25 %) limiting these procedures to a laboratory 
studies. 
Therefore, a new protocol for the preparation of Crl isoforms catalyzing the esterification of 
butyl propionate, is proposed. 
Looking closely to the Candida rugosa structure (1CRL), highly hydrophobic surface could 
be observed (c.f. 2.3.1). This feature is rare in soluble proteins and consequently hydrophobic 
interaction methods should be successful. 
4.4.1 Polyethylene glycol precipitation 
The precipitation of the lipase by polyethylene glycol was assayed because of the 
hydrophobicity of this polymer (cf. 3.3.1) 
In all protocols tested, activity was found in equal quantities in the two supernatants. SDS-
PAGE analysis reveal the same protein profiles as shown in Fig 4.4.1.a for CE-Crl (gels 1 
and 2) and R-Crl (gels 3 and 4). The lipase seems to partition equally in the two phases, or 
more probably adsorb at the interface without being totally soluble in the PEG (or PPG) 
phase. 
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Fig 4.4.1.a: Examples of SDS-PAGE analysis of PEG supernatants and precipitates. 1: CE-Crl 
supernatant (a) and pellet (b) extracted with phosphate buffer pH 6 (PEG 2000); 2: 1: CE-Crl 
supernatant (a) and pellet (b) extracted with phosphate buffer pH 6 (PEG 4000); 3: 1: R-Crl 
supernatant (a) and pellet (b) extracted with phosphate buffer pH 6 (PEG 2000); 4: 1: R-Crl 
supernatant (a) and pellet (b) extracted with phosphate buffer pH 8 (PEG 2000); the arrow indicates 
presumed lipase (MW ≈60 kDa). The strong staining at low molecular weight in gel 1 and 2 are due 
to PEG.  
It is interesting to notice that a protein presenting high number of hydrophobic residues on 
its surface, like lipases, will not partition into a more hydrophobic phase. A similar 
comportment was observed by Bandmann et al. (2000) who was obliged to clone a new 
peptide sequence into the cutinase from Fusarium solani pisi (a lipase-like esterase) in order to 
recover it with a PEG/Na-phosphate two-phase system. Presumably because lipases are 
present mainly all their hydrophobic residues on one side of the protein, they tend to adsorb 
at interfaces more than solubilize in this less polar media, making a separation by two-
phases extraction difficult. As no clear partition in one of the phase was observed, no further 
investigations in this direction were performed. The adsorption of Crl on an hydrophobic 
surface more than its partition will be emphasized for the following chromatographic steps. 
4.4.2 Hydrophobic Interaction chromatography 
After removal of insoluble material (cf. 3.3.2), CE-Crl was precipitate by cold ethanol as 
described by Ruà et al. (1993) and lyophilized. The ethanol precipitation step enriched the 
fraction in CE-Crl, but also in polysaccharides. 
In the work of Ruà et al. (1993), lip A (isoform mixture) was shown to be retained more 
strongly on an octyl-sepharose (HIC) column than lip B (lip 3). Consequently an 
hydrophobic interaction chromatography (HIC) matrix was performed as support for the 
lipase adsorption, with the background of the PEG precipitation experiments.  
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CE-Crl (Ethanol precipitate) was solubilized in ammonium sulfate buffer to the increase 
salting-out effect, according to the Hofmeister´s series.  
Three methods to elute the lipase from the column were attempted: by decreasing the 
polarity of the media (by addition of ethylene glycol), by including a detergent (Triton X-
100) and by increasing the chaotropic effects (by addition of concentrated urea) 
4.4.2-A Elution by decreasing the polarity 
The first elution protocol included an ethylene glycol gradient (Fig 4.2.2.a). the activity 
(hydrolysis of MUF-butyrate) was recovered in fraction eluted between 50 and 86 ml. Two 
peaks could be distinguished (at 65 and 69 ml) which probably corresponded to two 
isoforms. The presence of ethylene glycol was problematic: No protein content 
determination method is suitable (because of the interference with the colorimetric dye) and 
the preparation of a solid enzyme extract was impossible. Ethylene glycol was not removed 
by ultrafiltration, extended dialysis or size exclusion chromatography. A strong interaction 
with the proteins was suspected. The high viscosity of the elution buffer also limited the 
velocity of the method. Finally, the peaks were not sufficiently resolved, even when the 
gradient was modified. The presence of ethylene glycol lead also to a strong alteration of the 
electric field in the SDS-PAGE analysis, resulting in an unreliable migration and producing 
strong background during the silver staining (cf. 3.3.8). 
-0,3
-0,1
0,1
0,3
0,5
0,7
0,9
1,1
1,3
1,5
0 20 40 60 80 100
Elution volume [ml]
A
bs
 2
80
 n
m
[-
]
0
20
40
60
80
100
B
uf
fe
r 
B
 [
%
 v
ol
]
Absorbance at
280 nm
Buffer B
(%vol)
 
Fig 4.2.2.a: Chromatogram of Crl-ethanol precipitate separated on a phenyl sepharose column, Buffer 
A: 1.7 M ammonium sulfate/ 100 mM Tris-HCl (pH7.5); Buffer B: ethylene glycol 50% (v/v)/ 100 
mM Tris-HCl (pH7.5) 
   Results and Discussion 
- 84 - 
4.2.2-B Elution by a detergent 
Triton X-100 was also suitable to elute the lipase from the column but high concentrations 
were necessary (1% v/v). The chromatogram (Fig 4.2.2.b) showed a strong deviation in the 
baseline at 1 % Triton X-100 because of the phenyl residues in the surfactant structure. Only 
one peak with hydrolytic activity was observed. As with ethylene glycol, protein 
quantification was not possible before the removal of Triton X-100.  
At 1 % Triton X-100, ultrafiltration was unsuccessful because the surfactant organize 
spontaneously in micelles of the size of a 70-90 kDa globular protein (CMC 0.001-0.002 %; 
Rehm, 2000). The lipase size (60 kDa) being too closed of the Triton X-100 micelle size, 
separation by molecular exclusion is impossible.  
A new ethanol precipitation of the lipase revealed to be ineffective, the surfactant perturbing 
probably the formation of agglomerates. 
Triton X-100 precipitates at temperatures higher than 64 °C (Rehm, 2000). Such treatment, 
for 1 to 30 minutes, followed by centrifugation lead to a loss of all hydrolytic activity 
(Detected by MUF-Butyrate and tributyrine hydrolysis, cf. 3.3.5 and 3.3.12). The lipase, 
supposed to be adsorbed at the micelle surface should be precipitated with the surfactant. 
Nevertheless, as no activity was recovered in the pellet, the enzyme is supposed to be 
denatured. 
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Fig 4.2.2.b: Chromatogram of the Crl-ethanol precipitate separated on a phenyl sepharose column 
(high sub), Buffer A: Tris-HCl pH 7.5, 1M ammonium sulfate; Buffer B: Tris-HCl pH 7.5, Triton 
X-100 1% 
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Adsorption of Triton X-100 on solid surface was investigated. Active carbon, XAD-4 and 
XAD-7 were not able to adsorb selectively the Triton X-100 without adsorbing at the same 
time the lipase. Finally, Triton X-100 accumulated in the column leading to a loss in the 
resolution for successive chromatograms. 
Triton X-114, which precipitates at 22°C, and could be a suitable alternative to Triton X-
100 can’t be used in high pressure chromatography due to in situ-precipitation. Moreover, 
the active enzyme is not eluted by 20 % ethanol. 
4.2.2-C Increase of the chaotropic effects 
It was found that lipase bind to the column without the help of ammonium sulfate. It could 
be eluted by increasing the chaotropic agent concentration better than decreasing the 
salting-out effect. Though, the elution by magnesium ions was unsuccessful to recover 
activity, urea lead to a good peak resolution and was easy to remove. Chromatograms 
obtained (Fig 4.2.2.c) were reproducible without column regeneration for many experiments. 
Activity was recovered between 72 and 91 ml elution buffer. Interestingly, activity was still 
observed at a high urea concentration (4M) showing a strong resistance of the enzyme 
towards chaotropic agents. Proteins eluted with 8 M urea were not found to be 
enzymatically active, even after extended dialysis. The fractions presenting activity, after 
being pooled, were concentrated by ultrafiltration and dialyzed three time against 1 mM  
Tris-HCl buffer (pH 7.5) to remove any trace of urea before lyophilization and analyzed by 
IEF. 
-0,1
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
0 50 100 150 200
Elution volume [ml]
A
bs
or
ba
nc
e 
28
0 
nm
 [
-]
0
10
20
30
40
50
60
70
80
90
100
%
 B
uf
fe
r 
B
 (U
re
a 
8M
)
Abs 280 nm
Buffer B (% vol)
 
Fig 4.2.2.c: Chromatogram of the ethanol precipitate separated on a phenyl sepharose column, buffer 
A: 100 mM Tris-HCl (pH 7.5); buffer B: Urea 8M/100 mM Tris-HCl (pH 7.5). 
Activity 
   Results and Discussion 
- 86 - 
4.4.3 Isoelectric focusing analysis: Silver staining and zymogram 
The purified enzyme (P-Crl) obtained by the elution with urea (cf. 4.4.2.c) was submitted to 
isoelectric focusing analysis followed by silver staining. A similar electrophoresis is 
performed followed by a zymographic test. The gels are given in fig 4.4.3.a 
 
Fig 4.4.3.a: IEF analysis of the purified 
lipase. Silver staining (left) and zymogram 
(right). Arrows indicated lipases (esterases) 
activities in the zymogram and proteins in the 
silver staining. 
The purified lipase is composed of three proteins which two are lipases (or at least esterases). 
Theses ones have similar isoelectric point to the lipase B described by Ruà et al. (1993), 
composed of 4 proteins of pIs of 4.80, 4.84, 4.95 and 5.04. Theses isoforms correspond to the 
lip 1 gene and are proposed to differ in their isoelectric point by different glycosylation 
pattern. 
The optimized protocol as well as the characteristics of the purified enzyme obtained with 
this last protocol are given in Table 4.3.3.b. 
Purification Step Protein content 
[%]a 
Specific activity 
[U/mg]b 
Purification 
Factor 
Yield [%] 
Crude Extract 9.7 0.31 1 100 
Ethanol 
precipitation, 
lyophilization 
 
23.4 
 
0.36 
 
1,17 
 
81 
HIC, UF, dialysis, 
lyophilization 
52.5 509 1646 67 
Table 4.3.3.b: Purification of CE-Crl. a: Expressed as percentage of mg protein per mg lyophilized 
preparation, b: One unit is equivalent to one µmole butyric acid released from tributyrine per minute; 
UF: ultrafiltration, HIC: Hydrophobic interaction chromatography. 
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The impurities representing 47.5 % of the sample weight are supposed to be polysaccharides 
which precipitate with ethanol and are hydrophobic enough to be retained by the HIC. 
Looking to published protocols, the optimization proposed in this work offer the following 
advantages: 
!"Fewer number of steps (only one chromatographic step of high capacity) 
!"Higher specific activity than the classical protocol used (purified 1646 time instead of 
21 time) 
!"No expensive buffers or salts 
If higher purity is whished, a concavalin A chromatography is proposed in order to 
differentiate between the sugar content (i.e. the glycosylation) of the two isoforms. 
Polysaccharides still present in the preparation will be strongly retained on such a column 
compared to the lipase. Preparative isoelectric focusing is also possible, but the proximity of 
the isoelectric points will need a special work to optimize the ampholyte mixture. 
4.5 Inhibition of Crl by amphiphilic phosphonate 
Lipases are known to work at oil/water interfaces. In the investigated system, only few 
enzyme is in contact with the interface regarding the protein repartition in the beads 
(Heinemann, 2002), especially when beads of 2-4 mm are used (compared to 100-200 µm 
beads). Two comportments are possible: i) only the enzyme at the interface presents activity, 
ii) all lipases molecules are catalytically active, probably activated by the alginate matrix. In 
the first case, the use of the smallest bead as possible should lead to a higher yield by 
increasing the surface available for catalysis (ideally by stabilized reversed micelles or micro-
emulsion based organo-gels (Nagayama et al., 1998)) and enzyme localization inside the 
beads becomes of second importance with regard to the enzyme content on the surface. 
The use of an amphiphilic specific inhibitor of the lipase allows to inactivate enzyme 
molecules located at the interface. Phosphonates are classically used as analogues of the 
transition state of the catalytic reaction to inhibit lipases (Stadler et al., 1996; Rotticci et al., 
2000). 
4.5.1  Chemical characterization of DNPHP (5) (See annex 3 for the chemicals structures) 
N-Dodecyl p-nitrophenyl n-hexylphosphonate molecule (DNPHP, (5) in fig 3.6.1.a) was 
synthesized and purified. The dodecanol and the hexyl side chains ensure strong 
hydrophobicity and at the same time the p-nitrophenyl ring brings a high polarity and 
provides a good leaving group.  
The synthesis lead to three products documented by TLC analysis described in Table 4.5.1.a 
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Product Characteristics Rf a 
(5a) Revealed by orthophosphomolydic acid, didn’t detected under UV 0.31 
(5) Revealed by orthophosphomolydic acid, detected under UV 0.75 
(5b) Revealed by orthophosphomolydic acid, detected under UV 0.85 
Table 4.5.1.a: Products of the synthesis of DNPHP, a: Ethyl acetate/dichloromethane (9/1) as solvent 
and silica gel 60 as support. 
The products were easily identified as phosphorous compounds by ortho-phosphomolybic 
acid treatment Their structures were determined by their capacity to absorb UV light 
(showing the presence of a cycle in the molecule) and by their relative polarity by migration 
on TLC-plate: (5a) was identified as the di-p-nitrophenyl substituted phosphonate, (5) as the 
dodecyl,p-nitrophenyl substituted phosphonate and (5b) as the di-dodecyl substituted 
phosphonate (c.f. annex 3 for the chemicals structures). 
GC/MS analysis of the reaction product (Fig 4.5.1.b) showed a clear evidence for a mixture 
of n,n-di(dodecanol),n-hexyl phosphonate (5b) and of n-dodecanol,n-paranitrophenol,n-
hexylphosphonate (5) trough the presence of the fragments 288 (for (5)), 334 and 503 (for 
(5b)). The fragmentation of (5) is given in Fig 4.5.1.c. Purified DNPHP showed identical  
mass spectra devoid of the 503 fragment. It should be emphasized that the chromatograms 
never presented single peaks but also characteristics ones of dodecanol, p-nitrophenol 
derivates and phosphorous compounds, in contrast with the TLC. This is probably due to 
degradation of the sample within the GC system (injector and column at 350 °C).  
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Fig 4.5.1.b: GC/MS analysis of the reaction products non purified. Arrows indicated characteristic 
fragments for (5) (288) and (5b) (503).  
The structure of (5) was confirmed by 1H- and 31P-NMR spectroscopy (spectra are given in 
Fig 4.5.1.d). The single peak in the phosphorous spectrum confirmed the presence of a single 
phosphonate molecule. Peak attribution was performed with literature references (Rottici et 
al., 2000, Stadler et al., 1996) and by obtaining spectra of precursors under the same 
conditions. Methyl-imidazole was recovered with (5) (peaks g and h in the 1H-NMR spectra) 
and is supposed to increase the solubility of the p-nitrophenyl ring in hexane by π−π cycle 
interactions. 
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Fig 4.5.1.c: Chemical structure of DNPHP (5). Letters correspond to the peak attribution in the 1H-
NMR spectra and numbers to the characteristics fragments observed in the mass spectra. 
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Fig 4.5.1.d: 1H-NMR (A) and 31P-NMR (B) spectra of DNPHP. Labels correspond to the peak 
attribution of fig 4.5.1.c. Chemical shifts are locked on the solvent (CDCl3) resonance. 
To ensure its amphiphilic character, (5) is placed in water (CaCl2 180 mM)/hexane biphasic 
system for 1 day under agitation at ambient temperature. Analysis of the aqueous and the 
organic phases by TLC didn’t reveal the presence of any inhibitor molecule or degradation 
products (specially p-nitrophenol). The inhibitor was consequently stable in the two phase 
system investigated. 
4.5.2 Inhibition of encapsulated Crl from diverse preparations. 
The inhibitor was used to inhibit enzyme activity at the bead surface as describe in 3.6.4. 
Inhibition curves are given in Fig 4.5.2.b and characteristics of the preparation used in Table 
4.5.2.a. By increasing the total unit number in the immobilizate by a factor 2.6, the activity 
only increased 2.4 times in the absence of any inhibitor (looking to CE-Crl and P-Crl, table 
R11.2a). This is not sufficient to affirm that all lipase molecules are active because the 
different loading leads to different enzyme contents in the beads and at the interface, 
especially talking account the alginate-protein interactions. Limitations in the mass transfer 
are not likely in this experiment regarding the reaction time (18 h) and the diffusion (within 
fifteen minutes). From the number of units lost between 0 and 10 mM DNPHP (in 
percentage, Fig 4.5.2.b), one could see that the inhibition is independent of the total enzyme 
A B 
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units (i.e. of the enzyme concentration) but also from the enzyme preparation. At 10 mM 
inhibitor, 0.36, 0.89 or 1.39 units were lost depending on the enzyme loading, when the 
inhibitor concentration was the same. The difference between the three immobilizates came 
only from the number of units immobilized. No impact of other proteins, polysaccharides or 
others are suspected. 
As beads had different protein contents but presented the same weight (and consequently 
the same surface, with the approximation of perfectly spherical beads), and present similar 
inhibition comportment, a common factor between these preparation should be found. 
 CE-Crl P-Crl R-Crl 
Protein content [mg/ml] 485 0.11 85 
Activity [U/mg]a 0.31 509 n.d. 
Total Units [U]a 150 56 n.d. 
A0 [U]b 1.19 0.48 1.60 
∆A(0-10) [U]b 0.89 0.12 1.39 
Immobilization yield [%] d 53 49 61 
Table 4.5.2.a: Characteristics of the alginate preparation used. a: Determined for the hydrolysis of 
tributyrine, c: difference of the activity in the absence and presence of 10 mM DNPHP, determined for 
the butyl propionate synthesis, b: Activity in the absence of inhibitor determined for the synthesis of 
butyl propionate, d: expressed as ratio of the weight of alginate solution to the weight of beads 
obtained. 
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Fig 4.5.2.b: Inhibition of various Candida rugosa lipase preparation by DNPHP. P-Crl: home-
purified form, R-Crl: recombinant form, CE-Crl: Sigma preparation 
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The non-linear shape of the inhibition curves revealed a mechanism similar to 
receptor/ligand binding or a Langmuir isotherm, and as the inhibition is never total, 
titration of the active sites by measuring the residual activity is consequently unlikely.  
A mechanistic approach of the inhibition is evaluated. 
The inhibition is supposed to follow the following mechanism (Rotticci et al.,2000): 
E + I [E,I]* EI
Ki
k2
 4.5.2.c 
with E the active lipase, [E,I]* the reversible lipase/DNPHP complex and EI the inhibited 
lipase. In the performed steady-state study, [E,I]*, no longer exists when the esterification 
takes place and only two enzyme forms still exist: E and EI. These two populations are 
dependent on Ki  which could be expressed as Ki´ with 
EI
IE
K i
⋅
=´  in the present case. The 
residual activity measured will be: 
SE
v
K
I
k
v
t
i
catr
⋅
=
+
=
´
1
  4.5.2.d 
where Et is the total present enzyme, and kcat the catalytic constant. In this equation (and 
because all experiments are similar), the term vr includes the substrate concentration as well 
as the total enzyme content, in order to simplify and normalize the expressions. The 
equation implies a total inactivation of the enzyme at saturated inhibitor concentrations 
which was not experimentally observed: at 10 mM DNPHP, the residual activity for the P-
Crl beads was nearly the same as at 5 mM, meaning that lipase present inside the hydrogel 
was active (about 25 % residual activity for CE-Crl and P-Crl and about 14 % for R-Crl). 
The gellification conditions, which are never totally identical, could explain the variations in 
the enzyme repartition between the three immobilizates. The lipase located at the interface 
doesn’t represent 75 to 85% of the whole enzyme in the beads, as seen in preliminary 
experiments with CSLM (Confocal scanning laser microscopy) where P-Crl was found to be 
dispersed all over the bead radius (the exact repartition is still unknown), and considering 
the alginate/enzyme ionic interactions, two enzyme populations should be distinguished: 
Lipases at the interface revealing high catalytic efficiency but being only a few part of the 
lipase population and lipases inside the alginate matrix expressing low catalytic activity but 
being (in theory) more numerous. This could be interpreted as enzyme being in a high 
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substrate media and enzyme been in a low substrate media. With these considerations, the 
equation 3.5.2.d could be written as 3.5.2.e: 
a
i
h
aa
cat
hh
catr
E
K
I
E
EkEk
v
+



+⋅
⋅+⋅
=
´
1
´  3.5.2.e 
Where E represents the fraction of the different enzyme forms and the exponents a and h 
correspond to the enzyme in the alginate matrix and enzyme at the hexane interface 
respectively. 
Fitting the equation to the performed experiments is hazardous because of the high number 
of independent parameters (kcata, kcath, Eh, Ea, Ki) and the few number of experimental points. 
The lack of knowledge about the penetration of the inhibitor into the alginate sphere is 
another problem. The thickness of the alginate bead surface where enzyme is activated is 
also unknown. The determination of the limit of each parameter is also a subject for 
discussion: When fitted, Ki is always estimated to be below 400 µM which corresponds to 
high affinity for the enzyme, but correct fitting (Χ²>0,95) could be obtained within a wide 
range of catalytic constants and enzyme repartitions. Mathematical fitting required in this 
case more experimental data, specially concerning the two enzyme populations. 
The hypothesis of substrate inhibition of the Ea population could also be supported. Alginate 
is an aqueous phase and consequently, the concentrations are expected to be identical 
everywhere for strongly polar small molecules. Ea and Eh are consequently in the same 
conditions, except if Eh is composed of enzyme in direct contact with the hexane solution. Eh 
will be in totally different microenvironment, especially concerning the local substrate 
concentrations, ionisation state (pH) and hydrophobic interactions. In other terms, it should 
be considered as another molecule and is limited to a protein mono layer.  
This could be mathematically expressed as follows: The volume containing Eh will be the 
difference of the bead volume and the volume of a theoretical bead containing Ea, and 
consequently the concentration of Eh will be: 
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where r is the radius and V the volumes of the alginate (a), hexane interface (h) and total (t) 
theoretical spheres (depicted in Fig 4.5.2.g). This leads to the disappearance of one 
parameter as the bead radius is known from particle sizing experiments. The high difference 
between the bead radius (about 140 µm) and the expected interface “thickness” (less than 100 
Å in a monomolecular layer) lead to kcath=+∞ and kcata=vr´ when the inhibitor is at 
saturating concentration. Again, the lack of experimental information concerning the 
interface thickness lead to non-realistic results. 
Finally another hypothesis could be formulated to explain residual activity, taking account 
the water drop phenomenon: This experiment is performed without pH control leading to 
gel contraction which occurs after the inhibition. The residual activity could be due to the 
displacement of enzymes previously located in the bead core (or more deeper in the 
interface) near to the bead surface, leading to a new active enzyme population at the 
interface.  
4.5.3 Synthesis of PBNPHP (6) 
Localization of enzyme active sites (not only for lipases) in immobilization matrices or 
surfaces is still rarely studied. Rees and Halling (2000) approached the problem by acylating 
cutinase powder and adsorbed cutinase and by inspecting the different enzyme populations 
by mass spectrometry. Such a procedure is unsuitable in the alginate/hexane system where 
water is a competitive inhibitor of acylation reaction. Rottici et al. (2000) used also p-
nitrophenol-phosphonate inhibitors to titrate the lipase active site in aqueous solutions and 
hexane, by measuring the p-nitrophenol released after extraction. In our case, the p-
nitrophenol ring will partition into the bead and extraction is more than uncertain, 
especially when small volumes are used. Another inhibitor, possessing a fluorescent dye, was 
Ea 
Eh 
r 
ra Fig 4.5.2.g: Scheme of the two enzyme 
populations repartition according to their 
localisation in interface and alginate core. 
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synthesized. Lipase inhibited by such a way should be easily detectable with a fluorescence 
microscope, and a coupled enzyme assay would help to determine the different enzyme 
populations. In a first generation of inhibitors, dansyl chloride coupled with 6-amino-1-
hexanol ((7) instead of dodecanol, same protocol as DNPHP) was used as dye because of its 
low price and its broad absorption and emission spectra. Unfortunately, no products of the 
synthesis were recovered as soluble fluorescent molecules in hexane. The presence of a 
sulfoamide bond, in the wished hydrophobic part of the inhibitor was supposed to prevent 
the solubility in hexane. 
A pyrene ring was chosen to build the inhibitor as BPNPHP (6) a highly hydrophobic 
fluorescent molecule. After synthesis and evaporation of the solvent (dichloromethane), no 
re-solubilisation of any fluorescent molecule was obtained in hexane even if various 
fluorescent spots appeared in TLC analysis. Pyrene butyric acid was not found to be 
fluorescent in hexane and was nearly insoluble. Further bibliographic studies of fluorescence 
in hexane lead to the following informations: 
Commonly, dyes loose their fluorescence properties in aprotic solvents, where no electron 
transfer can be performed. No known classical dye expresses its fluorescence in pure hexane 
but needs always a co-solvent as ethanol, or in the presence of other amphiphilic molecules. 
One single example of molecule (3-hydroxy-chromone) presenting fluorescence properties in 
hexane was described only recently by Klymchenko and co-workers (2001). Unfortunately, 
this dye is not commercially available and doesn’t present any alkyl chain or hydroxyl 
function suitable for the coupling with the phosphonic acid core. The synthesis of new 
fluorescent derivates of 3-hydroxy-Chromone suitable for the synthesis of a inhibitor 
fluorescent in hexane should be envisaged. 
When lipases are whished to be immobilized in hydrogels, the smallest beads will be 
preferred for their higher surface/volume ratio until competition with eventual enzyme 
denaturation by solvent or surfactant and the easy recover of the immobilizate from the 
reactor. As most of the enzyme is inactive, another synthetic approach by using non-
interfacial hydrolases like esterases should be also envisaged. 
4.6 Alginate as ion exchange support for proteins 
White egg albumin (wea) was chosen as model enzyme because of its easy availability in 
purified form and its parallel studies in calcium-alginate hydrogels (Heinemann et al., 2002). 
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4.6.1 Size exclusion chromatography 
Mixtures of white egg albumin (45 kDa, 5mg/ml) and sodium alginate (0.1%) in Tris-HCl 
pH 7.5 in the presence of 0.2 and 0.5 M NaCl were homogenized and shortly centrifuged in 
order to precipitate the alginate, before the supernatant was analyzed by size exclusion 
chromatography (exclusion limits: 3-70 kDa). Wea without alginate was prepared in the 
same way. Chromatograms obtained are depicted in Fig 4.6.1.a. White egg albumin was 
eluted at 35 minutes while a peak at 31 minutes corresponded to an agglomerate of wea 
(MW is about 90 kDa). When alginate was mixed with the protein in 0.2 M NaCl, the main 
peak disappeared from the chromatogram. A slight peak reappeared when the mixture was 
prepared in 0.5 M NaCl.  
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Fig 4.6.1.a: Chromatograms obtained on a S75-HR size exclusion chromatography of white egg 
albumin (wea) in the presence of alginate (0.1%) and NaCl. The elution buffer was Tris-HCl pH 
7.5, 0.2 M NaCl. Arrows indicate the wea. 
The wea presented some interactions with non-polymerized alginate at neutral pH which 
could be slightly diminished by salts. Ion exchange is the more likely interaction to occur 
(ovalbumin, a protein probably involved in the storage of N-sources in eggs, is not likely to 
have specific binding sites for polysaccharides). 
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4.6.2 Fluorescence study with entrapped white egg albumin. 
White egg albumin is labeled with dansyl chloride (noted wea*) to obtain a fluorescent 
protein. Dansyl chloride was preferred to other fluorescent derivates because of its chemical 
stability, low pH sensitivity compared to fluorescein derivates, insensitivity against divalent 
ions (due to the absence of carboxyl groups). Wea* was entrapped in calcium-alginate beads 
(2-4 mm diameter) at pH 7.5 (Tris-HCl 50 mM).  
When beads were placed in buffer of different pH´s, from 1.5 to 9, and equilibration obtained 
(1 week at 4 °C), the fluorescence between 515 and 525 nm was measured (excitation light 
between 340 and 380 nm). Higher fluorescence (expressed as arbitrary unit per mg of beads) 
was observed at acidic pH than in the neutral range with another increase at pH 9 (Fig 
4.6.2.a). 
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Fig 4.6.2.a: Fluorescence recovered in the buffer after bead equilibration at different pH´s. 
The tertiary amine group of the dansyl residue could, in acidic conditions, be protonated to 
give quaternary ammonium ion. Consequences on spectroscopic properties would be 
diminution of the absorption at 253 nm and 338-341 nm and an increase at 286-288 nm.  
Under experimental conditions, the excitation wavelength was 340-380 nm. Diminution of 
the pH would lead to diminution of the absorption of the labeled molecules, and 
consequently lower fluorescence. The fluorescence was recorded between 515 and 525 nm 
and consequently, a decrease of the pH will lead to a decrease of the fluorescence in this 
region. Appropriate filter prevented the perturbation of the signal at 336 nm. Koper et al. 
(1999) determined the pKa of the tertiary amine to be 9.8 or higher according to the 
association of the dansyl within a dendrimeric molecule. In this study, at neutral or low pH 
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(below pH 8), all dansyl residues were protonated and expressed the same fluorescence 
profile, preventing any error measurements from pH change.  
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Fig 4.6.2.b: Variation of dansyl chloride fluorescence with pH. 
The fluorescence measured between pH 1.5 and pH 5.5 was consequently directly 
proportional to the protein released. Protonation of the alginate and/or of the WEA lead to 
decreasing interaction between the gel and the enzyme. 
Two ionic mechanisms could occur: i) a direct ion pair between the enzyme and the alginate 
via carboxyl and amines residues (A in Fig 4.6.2.c); ii) a ionic bridge between alginate, 
calcium ions and carboxylic groups of the wea (B in Fig 4.6.2.c). In both cases, the 
protonation of the alginate would lead to protein release at acidic pH, while a high pH would 
release protein only in the first case (A), when amine residues are deprotonated. The 
existence of both kind of interactions can’t be totally excluded, but as discussed in 4.7, the 
hypothesis of calcium bridges is unlikely, if the enzyme is linked to MM- or MG-blocks 
because of the low affinity of MM-blocks towards calcium.  
 
Fig 4.6..2.c: Possible mechanism of protein fixation on alginate as a function of the pH. 
   Results and Discussion 
- 99 - 
Investigating more closely fluorescence signals at higher pH´s (7.5 and 9), an increase in the 
fluorescence was observed, meaning than another kind of interaction was perturbed, or that 
dansyl was deprotonated leading to an increase in fluorescence at 515-525 nm.  
In the case of interactions of type A, this could be explained by deprotonation of the amine 
residue of the protein, and can’t be explained with mechanism B. 
4.7 Influence of calcium on the system 
4.7.1 Determination of the calcium propionate dissociation constant 
Propionic acid was titrated at different calcium concentrations and the apparent acidity 
constant plotted against the calcium concentration (4.7.1.c), according to the following 
equations (4.7.1.a and 4.7.1.b): 
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[PAH] is the concentration of the propionic acid, [PA-] the concentration of the propionate, 
[(PA-Ca2+)+] the concentration of calcium propionate, [H+] the concentration in free 
proton, [Ca2+] the concentration in calcium, Ka the acidity constant of propionic acid and Kd 
the dissociation constant of calcium propionate. 
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Fig 4.7.1.c: Determination of the acidity and dissociation constants of propionic acid and calcium 
propionate. 
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The following parameters were obtained from the slope and the ordinate: 
pKa= 4.95 (4.92-4.97)  Kd= 0.231(0.195-0.218) 
Theses values are slightly in contradiction with literature values (pKa=4.88 and Kd=0.5, 
Dawson et al., 1986), which could be explained by an influence of carbonate in the titrated 
solution. Identical average constants (<5% variation) were obtained in water degassed and 
nitrogen-saturated water. The values experimentally obtained were used in the following 
work. The different forms of propionic acid (acid, base and complexed with calcium) could be 
expressed as fractions of the total propionic acid content by the equations 4.7.1.e-g and the 
predominance graphs of Fig 4.7.1.d. 
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Fig 4.7.1.d: Predominance diagrams of propionic acid (PAH), propionate (PA-) and calcium 
propionate ((PA-Ca2+)+) at different calcium concentrations. A: [Ca2+]=0 M, B: [Ca2+]=0.088 M 
(free calcium concentration in the alginate bead), C: [Ca2+]=0.180 M (hardening bath and water 
drop calcium concentration (cf. 4.2.3)). Curves were drawn with the acidity and dissociations 
constants determined previously and equations R3.1e-1g. 
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It is obvious in Fig 4.7.1.d that the influence of calcium concentration on the various 
propionate forms is not negligible at neutral and basic pHs where the calcium propionate 
represent up to 27% and 43 % of all propionate forms (at 0.088 and 0.18 M). At acidic pH 
(below 4), it becomes of lower importance (quasi inexistent at pH 3 or lower). 
4.7.2 Influence of the calcium concentration on the enzyme activity 
Lipase from Candida rugosa entrapped at different calcium contents showed a decrease in 
activity with increasing calcium concentration (Fig 4.7.2.a). The initial velocity was reduced 
by 33 % when immobilization was performed at 45 mM and 270 mM. 
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Fig 4.7.2.a: Kinetics of ester synthesis by Candida rugosa lipase in calcium-alginate beads 
immobilized with 45-270 mM calcium chloride in the hardening bath. 
As could be seen, the inhibition only affected the initial velocity, not the steady state. This 
could be the result of i) the effect of the gellification conditions, leading to lower enzyme 
content in the beads, ii) the influence on the partition leading to lower substrate (or higher 
substrate) concentrations in the vicinity of the active enzyme, iii) direct enzyme inactivation 
by the calcium (competitive inhibition), iv) other more complex effect. 
4.7.2-A: Effect of the calcium on the content of immobilized lipase 
When the calcium concentration increased from 45 mM to 225 mM, Crl lose about 15 % 
activity towards tributyrine hydrolysis (probably due to variation of tributyrine or butyric 
acid solubility or the variation of the interfacial tension on the tributyrine emulsion) while 
an 85 % activity loss was measured in the hardening bath (Fig 4.7.2.b). The increase of the 
calcium concentration in the hardening from 45 to 225 mM entrapped consequently 70 % 
more enzyme in the gel network, i.e. more synthetic activity should be recovered, which was 
not experimentally observed. 
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Fig 4.7.2.b: Lipolytic activity of the hardening bath after one hour of curing compared with the 
inactivation of enzyme in solutions with the same calcium concentration. Activity at 45 mM Ca2+ was 
artificially fixed at 100 % to compare the two experiments. 
The higher enzyme content could be explained by the gelling model of Mikkelsen and 
Elgsaeter (1995): When the alginate solution is dropped into the calcium bath, the difference 
of electrochemical potential between the two solutions is higher at higher calcium 
concentrations. The resulting gel is more homogenous than one made with lower calcium 
content (cf. 2.5.2). If the enzyme presents some affinity for the alginate, especially ionic 
interactions between the carboxyl groups of the alginate and some lysine or arginine 
residues of the lipase, the enzyme distribution will follow the alginate distribution. If the 
alginate is homogeneously dispersed, when the polymerization takes place, fewer enzyme is 
in contact with the interface and will need more time to diffuse out of the alginate spheres (if 
free in its movement). Also, fewer enzyme of the surface of the bead could be desorbed in the 
hardening bath. With the same reasoning, heterogeneous alginate (concentrated at the bead 
surface) means higher protein content at the surface and potentially higher release in the 
calcium bath. Heterogeneousness of white egg albumin distribution in common calcium-
alginate beads is strongly suggested by Heinemann et al. (2002). Higher protein content 
nevertheless doesn’t fit with a lower synthetic activity. Tanaka and co-workers (1983) 
observed no difference with albumin (69 kDa) diffusion from calcium-alginate beads 
produced in 50 and 500 mM calcium chloride (2 % alginate). Variation of the diffusion of 
protein due to a lower diffusion can’t explain the variation in protein loading. Electrostatic 
interactions between entrapped proteins and alginate are more probable to occur. The 
hardening time (>1 hour) prevents variations in the protein content issued from diffusion 
limitations during gel polymerization (cf. 4.1.2).  
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As lipases are interfacially activated enzymes, only molecules present at the hexane/alginate 
interface could be active in this system (cf. 4.5). If the lipase follows the alginate distribution 
as suggested by Heinemann et al. (2002), beads with lower calcium content will present a 
higher lipase concentration at the interface, leading to significantly higher activity. Lipase 
localization in alginate spheres produced at different calcium concentration should be able to 
validate this hypothesis. When immobilization is conducted at pH 7.5, the alginate is 
negatively charged and the lipase, if it presents a net negative charge (pI ~4.8-5.03), 
possesses a non-negligible number of positives charges (c.f. 4.9 the surface electrostatic 
potential of Crl at pH 7) which could make ionic bonds. The drawback of this hypothesis is 
the possible displacement of the lipase from the alginate strands by calcium ions, especially 
regarding the high calcium content. However, the lipase could be simply linked to the 
alginate in non-gelling MM- or MG blocks which also posses carboxyl functions but only 
low affinity for calcium ions. This idea is supported by the orientation of the carboxylic 
groups  (in the plane of the core cycle) of mannuronic acids and the flexibility of the MM-
blocks (linked in β1-4) leading to higher accessibility for the protein compared to GG-blocks 
(linked in α1-4) which have a closer structure (see 2.5.1 for MM- and GG-block structures). 
4.7.2-B Influence of calcium on partition 
The calcium concentration has also an influence on the partition of substrate molecules 
which could explain a lower activity. Fig 4.7.2.c and 4.7.2.f show the partition measured with 
beads produced at different calcium concentrations and with water-hexane two-phase system 
in order to eventually distinguish an effect of the alginate. 
From Fig 4.7.2.c, it could be seen that the partition of substrates is affected by the calcium 
concentration of the hardening bath: a higher calcium content favors the partition of the 
substrates in the hexane phase and could consequently increase the activity considering the 
active site localization and molecular structure of the lipase (see 4.9 and 4.5) when calcium 
chloride increase from 45 to 270 mM. The partition coefficient of propionic acid increase 
1.13 fold, no matter if butanol was present or not, while the butanol partition coefficient 
increased about 1.19 or 1.14 fold in absence and in presence of propionic acid, respectively. 
Nevertheless, if this increase was similar in all three systems tested, the absolute partition 
itself was different. When studied with butanol, propionic acid partitioned more into hexane 
than when present alone, probably because of the higher polarity of the hexane phase. This 
was reciprocal for butanol, but the effect was less pronounced. Always regarding 45 to 270 
mM calcium chloride in the hardening solution, the concentration inside the beads decreased 
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from 299 to 256 mM for butanol and from 669 to 616 mM for propionic acid when they 
were studied alone. The values were 277 to 252 mM and 593 to 538 mM respectively when 
butanol and propionic acid were studied together. 
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Fig 4.7.2.c: Effect of the calcium concentration of the hardening bath on the partition of propionic 
acid and butanol, independently or when measured together (both), determined with the overhead 
shaker reactor. 
The activity is not supposed to be significantly affected by this concentration shift (10 % or 
less), if the enzyme is active everywhere in the bead, and should be normally higher with 
enzyme working only at the interface (c.f. 4.9). The concentrations of substrates in the 
aqueous phase were impressively  high compared to natural conditions, so that an increase of 
the substrate inhibition phenomenon, could be expected. However reactions in pure 
substrate was observed by some authors with Rhizomucor miehei lipase (Selmi et al, 1998). 
Janssen and co-workers (1999) described an inhibition of Crl by sulcatol (±5-methyl, heptan-
2-ol) with a Ki of 22 mM. Regarding the substrate concentrations in hexane, the variation 
(increase of 1.5 mM maximum) does not explain the strong inactivation observed (33 %). 
In order to evaluate the influence of the substrate concentration on an eventual inhibition in 
our system, the kinetic model described by Janssen et al. (Fig 4.7.2.d) was applied. Ping-
pong constants used were the same describe for butyric acid and sulcatol and were 
artificially used to simulate propionic acid and butanol. The v/Vm ratio is calculated for 
substrates concentrations found in the gel and in the hexane phase, varying KiB from 1 µM 
to 1 M and for a calcium concentration of 45 and 270 mM (Table 4.7.2.e). The constant are 
   Results and Discussion 
- 106 - 
inexact for the system but the influence of the substrate concentration is reflected in the 
same way in v/Vm for the two calcium concentrations as tendency will be conserved. 
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Fig 4.7.2.d: Kinetic model of Candida rugosa lipase proposed by Janssen et al. (1999): v is the 
observed activity, Vm the maximal velocity (Vm=kcat.E), KA and KB the ping-pong constants of the 
propionic acid and butanol respectively, KAB and KBP constants corresponding to reversed reaction, KiB 
the inhibition constant of the alcohol, [B] and [PAH] the concentrations of butanol and propionic 
acid. 
Concentration in the bead 
[Ca2+]=45 mM [Ca2+]=270 mM KiB (mM) (v/Vm)270/ (v/Vm)45 
[B] (mM) [PAH] (mM) [B] (mM) [PAH] (mM)   
0.001 0.988 
1 0.989 
 
277 
 
593 
 
252 
 
538 
1000 0.999 
Concentration in hexane 
[Ca2+]=45 mM [Ca2+]=270 mM KiB (mM) (v/Vm)270/ (v/Vm)45 
[B] (mM) [PAH] (mM) [B] (mM) [PAH] (mM)   
0.001 1.018 
1 1.017 
 
43 
 
35 
 
43.7 
 
36 
1000 1.003 
Table 4.7.2.e: Determination of the influence of the substrate concentration on lipase activity at two 
calcium concentration (45 and 270 mM) with different inhibition constants of the alcohol. 
The v/Vm values calculated for substrate concentrations at 45 and 270 mM calcium in the 
hardening bath was nearly identical (<2% variation). The variation of KAB, KBP, KA and KB in 
the same range (1 µM to 1 M) lead to (v/Vm)270/ (v/Vm)45 near 0.97-1.03, i.e. the influence of 
calcium on partition of substrate don’t lead to any sensitive substrate activation/inhibition. 
The variation of the substrate concentration caused by the partition can therefore not 
explain the strong inactivation.  
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Fig 4.7.2.f: Effect of the calcium concentration on the partition of propionic acid and butanol in a 
water/hexane system, independent from each other or when measured together (both), determined with 
the overhead shaker reactor. 
In a water/hexane system, the partition coefficient was twice higher for butanol compared to 
the alginate/hexane system while propionic acid partitioned in the same order of magnitude. 
The partition coefficients increased 1.37 times and 1.13 times for butanol and propionic acid, 
respectively. 
The modification of the partition coefficient in the presence of calcium could be caused by an 
higher ionic strength of the aqueous phase, increasing its hydrophobicity according to the 
Hoffmeister´s series: calcium ion posses a salting-in effect (chaotropic effect) which disfavor 
hydrophobic interactions, i.e. it increase the hydrophobicity of the media. This effect is 
particularly pronounced for butanol which posses an alkyl chain and higher hydrophobicity 
than propionic acid.  
The butanol partition coefficient at 0.088 M Ca2+ is 0.239 in the water/hexane while it is 
only 0.16 in calcium-alginate produced with 0.18 M calcium chloride (0.088 M free calcium),. 
This difference means the partition of butanol is not only regulated by the free calcium 
content. It should be also noticed that, in contrast to propionic acid which partitioned 
constantly (in the same range) over successive calcium-alginate preparations, the partition of 
butanol is submitted to high variation, greatly depending on the alginate preparation. 
Nevertheless, within one experiment, the tendency of the partition was  reproducible. The 
formation of the “water drop” (c.f. 4.2) could explain the variations in these measurements. 
As shown already, the pH inside the beads was too low to allow the formation of calcium-
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propionate complexes which favor the partition of the propionic acid into the gel phase. The 
higher partition of butanol into the hexane with water than with alginate seems to indicate a 
specific affinity of the butanol for the alginate (alginic acid in fact in the conditions tested) 
matrix, which unfortunately could not be not identified (hydrogen bonds could occur but no 
evidence was found). 
4.8 Control of the pH with regard to propionic acid diffusion 
Controlling the pH inside the alginate beads is the central point to prevent the gel alteration 
and consecutive water loss and formation of lyotrophic mixtures. Controlling the pH will 
also allow to conduct a real study concerning pH dependency of the lipase for the 
esterification reaction. 
The addition of organic bases (amines) is first described before evaluating the possibility of 
alternatives methods to control the pH like high-buffer concentrations and the use of non-
soluble hydroxides salts. 
4.8.1 pH control with amines 
A classical way to neutralize an acid is the addition of a base. Polar organic amines have a 
similar comportment to organic acids: if polar enough, they diffuse inside the alginate bead 
and increase the  pH. If this diffusion take place at the same time as the acid diffusion, the pH 
could be kept constant because each proton liberated by the acid will be compensated by one 
captured by the amine. Fernàndez-Pérez and Otero (2001), during the study of amide bound 
formation in various organic solvents, described the spontaneous formation of an ion pair 
between carboxylic acid and primary amines when the solvent dielectric constant (ε) 
decreased. Maugard et al. (1997 a and b) also observed the formation of an ion pair between 
N-methyl-glucamine and oleic acid in hexane and concluded that was certainly not a 
substrate for the enzyme. In the investigated system, the ion pair, if formed in hexane (εhexane 
=2), should dissociate inside the alginate (aqueous) phase where the dielectric constant is 
high (εwater=81). 
Different primary and secondary amines were tested and examined for i) their pKa (i.e. their 
capacity to compensate the acidification), ii) their log Pow (i.e. their ability to diffuse into the 
bead), iii) the log Pow of the ion pair that was formed with propionic acid, iv) their atomic 
structure (all these data are resumed in Table 4.8.1.a). 
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Amine a PKa pI (ion pair) Log Pow Log Pow (ion pair)b Structure c 
Propylamine 10.7 7.81 0.48 0.69 P, sp3 
Butylamine 10.8 7.86 0.97 1.18 P, sp3 
Hexylamine 10.6 7.76 2.06 2.16 P, sp3 
Ethylene 
diamine 
9.92 7.42 -2.04 -0.92 P, sp3(2 NH2) 
Diethylamine 11.1 8.01 0.58 n.v. S, sp3 
Pyridine 5.23 5.08 0.65 n.v. T, sp2 
Pyrrole - 4.93e 0.75 n.v. S, sp3 
Pyrimidin - 4.93e -0.4 n.v. T, sp2 
Piperidine 11.3 8.11 0.84 n.v. S, sp3 
Acetonitrile - 4.93e -0.34 n.v. T, sp 
Table 4.8.1.a: Physical properties of various potential amines for pH control; a: Data is taken from the 
SRC Physpro database (http://esc.syrres.com/interkow/PhysProp.htm, [19.12.2001]); b: calculated 
by the contribution method (see annex 4); c: P: primary amine, S: secondary amine, T tertiary amine, 
sp3, sp2, sp1: atomic orbital of the nitrogen atom; n.v: The contribution method is not valid for cyclic 
molecules; d: isoelectric point developed by the 1:1 (molar ratio) mixture of amine and propionic acid 
(pKa of propionic acid: 4.93); e: No acid or basic properties are suspected. 
The aliphatic primary amines (propylamine, butylamine and hexylamine) precipitated in the 
presence of propionic acid except for hexylamine where the acyl chain is supposed to be long 
enough to keep high the solubility (the log Pow (ion pair) is high compared to the other ion 
pairs). When beads were added to these solutions (single bead reactor), the pH was kept 
constant but this is certainly the resulting effect of the absence of diffusion of the acid. With 
hexylamine, the pH was kept constant (no significant water drop was measured) but no 
enzymatic activity was observed. This might be caused by: i) the propionic acid don’t diffuse 
anymore into the gel matrix, meaning there is no more accessible substrate for the lipase in 
the aqueous phase, ii) the ion-pair formed is not a substrate for the enzyme located at the 
interface (Maugard et al., 1997 a and b), iii) at pH 7.5 the lipase don’t present any synthetic 
activity.  
Ethylene diamine presented an unexplained comportment: the theoretical log Pow is low due 
to the two ion pairs per amine molecule. A strong water drop was observed without 
apparent pH drop. An interference of this amine with the alginate is not expected as it is not 
observed with the other primary amines. 
As primary amines precipitated, secondary amines were investigated. The results could be 
resumed as follows: All amines involved in a π electron transfer (pyrrole, pyridine, 
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pyrimidine) didn’t precipitate but were not able to prevent the pH drop (they are no bases or 
not basic enough). The other ones (piperidine and diethylamine) precipitated leading to no 
water drop and no enzymatic synthesis because of no diffusion. 
In order to solve the pH control, a solving of the ion-pair appeared necessary. 
The addition of butanol (the co-substrate) in the investigated system was found in some 
cases to dissolve the ion-pairs. A systematic study is presented in Fig 4.8.1.b. 
Butanol was able to re-solve the propionic acid/butylamine ion pair more efficiently than 
others ion-pairs. Interestingly, it was the only ion pair which could be totally suspended in 
hexane. High butanol concentrations were not able to re-solve the propylamine ion pair 
while others (piperidine, diethylamine, ethylene diamine, hexylamine) were simply not 
affected. Butylamine was chosen for further experiments, at the same concentration as 
propionic acid (1:1 ion pair). The molar ratio of butanol: ion pair was chosen to be 2:1 to 
warranty the total recovery of the ion pair in hexane. 
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Fig 4.8.1.b: Solubility of the propionic acid/amines ion pairs (50 mM each) in hexane at different 
butanol concentrations. Solubility was determined by concentration of propionic acid measured in 
presence of butyl amine looking to the concentration of a 50 mM propionic acid solution in absence of 
the corresponding amine. 
Beads placed in such media (25 mM ion pair, 50 mM butanol; 50 mM ion pair, 100 mM 
butanol or 100 mM ion pair, 200 mM butanol) didn’t present any characteristics of the water 
drop. The application of 10 µl of universal pH indicator on the bead surface (still stored in 
the hexane solution) revealed a pH identical to the initial pH (observed within 5 minutes). In 
these experiments, no propionic acid could be detected in the hexane phase. Removal of the 
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bead and addition of butanol (final concentration about 250 mM) didn’t reveal any further 
propionic acid. No precipitation (under the form of a ion pair or other) was then suspected in 
the presence of the bead. A total partition of the propionic acid into the alginate sphere is 
assumed (the concentration of propionic acid in the hexane phase is below the detection limit 
of the analytic device, <0.01 mM). 
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Fig 4.8.1.c: FTIR spectra of butanol (100 mM), propionic acid (50 mM), butylamine (50 mM) 
mixtures in hexane before (black spectra) and after (gray spectra) partition into calcium-alginate 
bead. The dotted spectra is the spectra of butylamine in pure hexane as a reference. 
The solution mixture was investigated by FTIR in the 1800-1400 cm-1 region, 
corresponding to the stretching signal of C=O bonds in carboxylic acids. As presented in 
Fig 4.8.1.c., the reaction mixture present a peak at 1566 cm-1 which correspond to a 
carboxylate function (COO-) without a concomitant peak around 1715 cm-1 corresponding to 
a carboxylic residue (COOH). In the hexane phase before partition, all propionic acid is 
dissociated, i.e. forms the ion pair. This measurements were done in the presence of butanol. 
Diffusion of butylamine and propionic acid (propionate) could be consequently considered as 
the diffusion of a single molecule simplifying further diffusion and mathematical studies. 
After partition, the ion pair corresponding peak (1566 cm-1) was no more present but some 
compounds appeared around 1650 cm-1 and 1550 cm-1. Identification of these peaks seemed 
to correspond to C=O stretching signals in secondary amides (namely amide band I) but also 
to NH2 deformation in primary amines. The first possibility was not likely because the amide 
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band I as well as NH bend signal of primary amides (1560-1530 cm-1) are known to produce 
strong signals, even at low concentration. Nevertheless, butylamine is sensitive to carbon 
dioxide (leading potentially to carbamates) to which these signal could correspond, carbon 
dioxide being dissolved in the aqueous phase during the gellification process. 
Side reactions involving the butylamine and other compound present in the bead could also 
explain this peaks. The main possibility is a chemical amidation with propionic acid or other 
carboxylic acids. Nevertheless, the amidation is not thermodynamically favored in high 
water activity media (Gotor, 1999). 
Drawbacks of using butylamine in such systems are nevertheless non-negligible. First off 
all, the butylamine  is toxic or carcinogenic (this is also valid for aliphatic or cyclic amines). 
It provokes burns, is irritating and can’t be used in processes involving food technology. 
Butylamine has a low boiling point (46 °C)  and a low vapor pressure which necessitates to 
work at low temperatures. Its sensitivity to carbon dioxide requires solutions free of 
carbonates ions and a work under inert atmosphere, increasing the cost of the ester 
produced. In a continuous process, the butylamine will be accumulated inside the gel (under 
the R-NH3+ form) and can’t  be recovered from the bead by heating the reaction media at 46 
°C for example. Ionic strength will consequently increase, decreasing the partition inside the 
beads. Regarding to the acquisition of basic information on the alginate/hexane system, the 
addition of butylamine is a simple tool allowing to determine the pH-dependence of the 
Candida rugosa lipase for synthetic reactions. 
The mass transfer including butylamine (but excluding reaction steps) is depicted in Fig 
4.8.1.d. No protons are released and the propionic acid is reduced to the carboxylate form 
and to the ion pair which is assumed to dissociate spontaneously in the aqueous phase.  
[PA-/Butylamine+](Hx)
PA- (alginate)
Hexane Alginate
[PA-/Butylamine+](Hx)
Butylamine+ (alginate)  
Fig 4.8.1.d: Diffusion mechanism of the propionic acid-butylamine ion pair in a calcium-
alginate/hexane system at pH 7.5. Arrows are oriented in one single direction because no propionic 
acid is recovered in hexane. 
At pH 7.5, propionic acid and butylamine are charged and will not further partition in 
hexane explaining the “total” partition of the ion pair (cf. 4.9)  
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4.8.2 pH Control with high buffer concentration 
Beads produced with 0.5 and 1 M Tris-HCl instead of the classical 0.1 M still reveal the 
characteristics of the water drop: high loss of weight and decrease of the pH. It should be 
also emphasized, that at this high salt concentration, calcium ions are no more totally 
soluble and precipitate leading to alginates structures which could be weaker or of different 
heterogeneity. No appreciable difference in the initial average bead weight compared with 
classical beads (100 mM Tris-HCl) was nevertheless observed. The increase of the initial pH 
to 9 with Tris-HCl as buffer didn’t prevent the water drop even at high buffer 
concentrations. 
Heinemann (personal communication) predict also the failure of buffer possessing a stronger 
buffer capacity around 7 (BES,  HEPES).  
4.8.3 pH control with magnesium hydroxide 
Some salts are not soluble at neutral or basic pH, but become soluble at an acidic one. 
Calcium hydroxide which solubilizes around pH 10 and magnesium hydroxide (around pH 
7) are some of them. The diffusion of propionic acid into the beads was simulated by titration 
of various Tris-HCl buffers (pH 9) supplemented by 0, 0.5 and 1 M magnesium hydroxide 
(in the solid form). In the first case ([Mg(OH)2]=0 M), the resulting pH at 1 M propionic 
acid is 5 (1 M is used as maximal acid concentration inside the beads with the optic to obtain 
a system stable even at high acid concentrations). When 0.5 and 1 M magnesium hydroxide 
were added, the resulting pH was 7.3 and 7.6 respectively. Thus, beads produced at pH 9 
and containing 0.5 or 1 M magnesium hydroxide should have a pH of 7-7.5 during the acid 
diffusion. Magnesium hydroxide (Mg(OH)2) was mixed with the alginate solution in 100 
mM Tris-HCl (pH 9) before immobilization. As a solid salt Mg(OH)2 didn’t diffuse 
significantly into the hardening bath and was immobilized in the gel beads. The 
concentration tested were 0.5 and 1 M. Beads obtained were milky-white and totally opaque 
to light. When placed in 50 mM propionic acid in hexane, the beads progressively became 
translucent while the acid diffused: the pH dropped locally and the salt dissociated. The 
difference between the initial and the final weight of the bead was less than 3%. When beads 
were beforehand stained by universal pH-indicators they appeared blue (pH 9) and shift to 
green (pH 7-7.5) after acid diffusion. If the initial pH was 7.5,  and the beads were placed in 
50 mM propionic acid in hexane, transitory acidification was observed by a red crown 
followed by the new appearance of the green color characteristic of neutral pH. This could 
be explained by the quick diffusion of the acid compared to the solvation of the magnesium 
hydroxide. Though, the weight of the beads after the diffusion don’t vary significantly, a 
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water drop could be observed. Considering to the proposed mechanism (Fig 4.8.3.a), one 
could see that for each two propionic acid molecules neutralized by the magnesium 
hydroxide, one water molecule is released. When the volume of the water produced in such a 
way was sufficiently increased, it extended out of the alginate border and created a new kind 
of water drop. 
PAH(Hx) PAH(alginate)
PA- (alginate)
H2O
H3O+
H2O
½ Mg(OH)2(solid)
½ Mg2+ (alginate)
Hexane Alginate
 
Fig 4.8.3a: Proposed mechanism of pH control inside the alginate bead by magnesium hydroxide. The 
dotted line represents the interface between the hexane and the alginate bead. 
The pH drop observed temporarily as a red-crown could also lead to local calcium-alginate 
alteration: the gel shift from a calcium-alginate to alginic acid but there is no evidence that 
the reversal ionotropic polymerization take place when the pH increase again to 7. The 
calcium-alginate reorganization could occurs in a different manner leading to different 
general calcium-alginate structure.  
When Crl was immobilized into the calcium-alginates beads in presence of magnesium 
hydroxide, no enzymatic activity was recovered. Inactivation of the enzyme by a high ionic 
strength could occur. The pH inside the bead was set to 7-7.5. At this stage of the work, no 
pH optima for the synthetic activity was known. It was nevertheless suggested that neutral 
pH was not the optimal pH for the esterification. 
Magnesium hydroxide offer the disadvantage to control the pH only when a neutral pH is 
desired. Producing the beads at acidic pH (<7) lead to the dissociation of the salt in the 
hardening bath under the form of magnesium ions and water. The beads produced don’t 
contain anymore any solid salt to overcome the acid diffusion and no base is present (the 
hydroxide ions are at a concentration below 0.1 µM at pH 7 or lower). The beads produced 
at basic pH (>7.5) entrapped the solid salt. Nevertheless, the pH is controlled only when the 
acid concentration inside the bead is high enough to decrease the pH below 7-7.5. These 
mean that beads produced at pH 8 or 9 for example will be stabilized at pH 7-7.5 but not to 
their respective initial pH. 
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The same reasoning could be done for beads containing calcium hydroxide (Ca(OH)2): below 
pH 10, the salt is totally dissociated under the form of calcium ions and water. Consequently, 
it don’t offer any protective effect against the pH drop. This is resumed in Fig 4.8.3.b. 
pH <7 7-10 >10 
Magnesium hydroxide forms Mg2+ 
H2O 
Mg(OH)2 Mg(OH)2 
Calcium hydroxide forms Ca2+ 
H2O 
Ca2+ 
H2O 
Ca(OH)2 
[H+] (M) >10-7 10-7-10-10 <10-10 
[OH-] (M) <10-7 10-7-10-4 >10-4 
Fig 4.8.3.b: Products of the hydroxide salt dissociation at different pH and concentration of protons 
and hydroxide ions at the corresponding pH. 
Further following drawbacks should be considered for magnesium hydroxide: 
!"The ionic strength inside the bead increased according to the following equilibrium: 
PAH + ½Mg (OH)2 # PA- + ½Mg2+ + H2O 
PA- + Ca2+ # [PaCa]+ 
0.28)c²½(z-0.5)c²z28.0c²z0.72c²½(z 22- CaMgPACaPA ⋅⋅⋅⋅+⋅⋅+⋅⋅= +++δµ  
where δµ is the variation in the ionic strengh, c the concentration of propionic acid (M), z 
the charge of propioniate (PA-), calcium propionate (PACa+), calcium (Ca2+) or magnesium 
(Mg2+) ions and 0.72 and 0.28 the fraction of propionate and calcium propionate at pH 7.5 in 
presence of 0.088 M calcium chloride as describe in chapter 4.7. The ionic strengh under 
these conditions increased by 0.94 units per mole of propionic acid which is not negligible.  
!"The beads are no more translucent to light, preventing any further study by microscopy. 
!"New partitions and diffusion will have to be measured. 
!"The water released will form lyotrophic mixtures with CTAC, even if the calcium 
concentration is smaller (about 0.088 M against 0.180 M in the water drop). 
At this stage of the work, the unique way to control the pH on the all range was the addition 
of butylamine under the form of the ion pair. Others methodologies, or didn’t succeed, or 
presented more drawbacks than advantages. 
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4.9 Molecular explanation of the optimal pH for the esterification 
Investigation of the pH-dependency of the lipase was performed with butylamine as additive 
because it was the only tool in our disposal able to control the pH, independently to the 
initial pH. 
4.9.1 Butylamine effects 
Alginate beads prepared at different pH´s (from ~3 to 10) containing Candida rugosa lipase 
(crude extract) were assayed in a one bead reactor for their synthetic activity in the presence 
and absence of butylamine (Fig 4.9.1.a). 
0
0,1
0,2
0,3
0,4
0,5
0,6
2 3 4 5 6 7 8 9 10
pH of immobilization [-]
A
ct
iv
it
y 
[µ
m
ol
e/
m
in
/m
g]
Crl
Crl-BA
Fig 4.9.1.a: Activity of Crl-CE in the presence and absence of butylamine in calcium-alginate beads 
immobilized at different pH´s. Activity is expressed as µmole ester synthesized per minute and per mg 
of alginate bead after 6 hours reaction at 30 °C. Reaction media was 25 mM propionic acid, 25 mM 
butylamine (if any), 50 mM butanol, 20 mM decane (intern standard) in hexane. Crl: Candida 
rugosa lipase, Crl-BA: Candida rugosa lipase in the presence of butylamine. The same bead 
preparation for each pH was used with and without butylamine to overcome possible influences of the 
gel structure. 
As could be seen, when the pH was controlled, the optimal activity observed was at acidic 
pH (pH 3.18) when this maximum is at 5.2 (initial) in non-pH controlled beads. The 
acidification of the media in non-pH-controlled beads mean in fact that if the initial pH is 5.2, 
the real pH inside the beads is about 3. The basic side of the non-pH-controlled experiment 
correspond in fact to the pH-controlled experiment. 
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Concerning the gellification conditions for acidic beads (pH <4), the beads are not simply 
calcium-alginate beads but will contain some alginic acid motifs. At these acidic pH´s, the 
lipase will be positively charged (pI 4.8 to 5 depending of the isoform). No electrostatic 
interactions could be expected between the alginate (fewer charged) and the lipase 
(positively charged) conducting to a higher lipase content inside the gel matrix (c.f. 4.6). 
Determination of the lipase activity for tributyrine hydrolysis in the hardening baths was 
used to normalize the activity in the beads in order to prevent any variations in the enzyme 
loading. 
The non-controlled pH dependency curve present a bell-shape corresponding to the classical 
model of pH dependency of enzymes. It is slightly asymmetric as measured for the 
hydrolysis activity depicted in Fig 4.9.1.b and is assumed to be the consequence of the 
presence of many isoforms (Ruà et al., 1993). 
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Fig 4.9.1.b: Activity of Candida rugosa lipase (crude extract) toward tributyrine hydrolysis at 20 °C 
for different pH´s. 
Strong inactivation in the presence of butylamine was also observed compared to maximal 
activity (pH 5.2 and 3.18 in absence and in presence of butylamine respectively): 80 % of the 
synthetic activity disappeared at the respective optima (c.f. 4.9.3). No ester was observed 
when beads free of enzyme were used excluding the possibility of acid catalysis in both cases. 
First, the partition of the ion pair according to the pH was investigated (Fig 4.9.1.c). A clear 
correlation between the enzyme activity and the partition of propionic acid in the hexane 
phase was observed (experiments performed in presence of butylamine): At low pH, 
propionic acid was detected in the hexane phase while at higher pH it partitioned completely 
into the beads (under the detection limit). Two hypotheses could explain this: i) the strong 
partition of the acid into the gel matrix lead to substrate inhibition of the enzyme; ii) the 
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form of the propionic acid recognized as substrate by the lipase is the acid form (COOH) and 
probably the acid which is presented at the enzyme interface from the hexane solution (cf. 
4.5). The first hypothesis was excluded after measuring the activity at different propionic 
acid concentrations (with the same butylamine concentration as propionic acid) as shown in 
table 4.9.1.d. Plotting the activity against the partition (A-P diagram in Fig 4.9.1.c) reveal a 
curve with an inflexion point: at low partition in hexane (pH >5), the activity seems to be a 
linear function of the partition. At higher partition (pH <5), the enzyme activity sharply 
increase, like being “activated”. This activation could be the due to higher substrate 
concentration acting as interfacial activators (nevertheless propionic acid is short fatty acid 
and shouldn’t present any interfacial activation properties), or due to the pH drop. 
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Fig 4.9.1.c: Correlation between the activity observed and the partition of propionic acid in the 
calcium-alginate/hexane system in the presence of butylamine. Zero values indicated that no propionic 
acid or ester is detected and is artificially fit to 0 for the partition. The A-P diagram is the direct 
correlation between activity (A) and partition (P) plotted with data obtained from the main pH 
dependence curve.  
Propionic acid [mM] No butylamine Butylamine 
1 0.035 n.d. 
5 0.22 n.d. 
10 0.44 n.d. 
15 0.52 n.d. 
20 0.68 0.082 
Table 4.9.1.d: Influence of the 
propionic acid concentration on the 
activity in the presence and absence 
of butylamine. n.d.: No ester 
detected; Activity is expressed as 
µmole ester produced per minute 
and per mg of bead. Butylamine is 
used at the same concentration as 
propionic acid. 
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Enzymatic synthesis at the interface explain why the synthesis occurs in spite of a high 
water activity: the ester is directly released into the hexane phase where it is totally soluble. 
If the active site of the enzyme is orientated in the hexane solution, no water molecules is 
able to access the active site and hydrolyze of the newly formed ester. 
4.9.2 Ionisation state of the propionic acid: effect on partition and activity 
The following demonstration considers the case of pH-controlled system without regarding 
inactivation by butylamine. 
If activity is only directed by the partition of propionic acid into the hexane phase, the 
partition and activity curves in a pH controlled process will exactly correlate to each other 
(Fig 4.9.1c) which is not the case: the activity is a mathematical function involving two pKa 
(corresponding to the ionisation state of the lipase) and could be expressed as: 
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where v is the observed activity and v° the maximal activity independent of the pH. 
The partition could be expressed as a function of the pKa of propionic acid only as follows 
(taking into account the eventual calcium propionate formation): 
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 4.9.2.b 
with same parameters as described in the chapter 4.7.1, and inateatotalPA
lg the concentration of all 
propionic acid forms in the alginate phase. The effect of the pH on the partition determine 
the substrate concentration really accessible by the enzyme in the hexane phase but gives no 
hints to explain the non-linear correlation between activity and partition, and why the 
enzyme activity is higher at lower pH´s (Fig 4.9.1c). 
4.9.3 Molecular explanation of the acidic pH dependence for ester synthesis of Crl. 
In order to understand (and confirm) the previous results, a molecular study of the lipase 
was performed. In a recent work, Neves Petersen and co-workers (2001) described the pH 
dependence of nine lipases with regard to their hydrolytic activity and came to the following 
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mechanism: The catalytic site, at optimal pH for hydrolysis, presents a net local negative 
charge. The fatty acid anion produced by the hydrolysis consequently suffers from an 
electrostatic repulsion leading to its expulsion from the active site and leaving the place free 
for a new (uncharged) triglyceride substrate molecule. This is described as the electrostatic 
catapult. A computational simulation of the net charge around the catalytic serine 
(considering the contribution of the atoms located in at 10 Å distance) lead to a good 
correlation with the optimal pH-optima for hydrolysis.  
When this theory is applied to the synthesis, it appears clearly that at high pH (neutral or 
basic), both propionic acid and active site are negatively charged, and activity will be low 
because of electrostatic repulsion. At lower pH, the acid is protonated but also the active site 
(presenting less or no negative charges) and catalysis will be regulated by the relative 
affinity of the lipase for the acid. This is resumed in Fig 4.9.3.a. 
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O OH O O
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Fig 4.9.3.a: Theory of the electrostatic repulsion applied to ester synthesis (according to Neves 
Petersen et al., 2001). Broad lines represent the enzyme catalytic pocket with local charges and the 
catalytic serine residue.  
Using lipase with higher pH optima should displace the pH dependency curve to higher 
pH´s (when pH is controlled). The alkaline lipase from Humicola lanuginosa (HLL) was 
chosen to confirm this hypothesis. Molecular titration of the active site of Crl and HLL are 
given in Fig 4.9.3.b.  
   Results and Discussion 
- 121 - 
-5
-4
-3
-2
-1
0
1
2
3
0 2 4 6 8 10 12 14
pH [-]
C
ha
rg
e 
(e
)
HLL
CRL
 
Fig 4.9.3.b: Molecular titration of Candida rugosa and Humicola lanuginosa lipases in closed 
conformations on a 10 Å radius cut-off from the Oβ-catalytic serine (Neves Petersen et al., 2001). 
Though the titration indicates the net charge of the active site, it should be noted that at low 
pH, enzyme is likely to be inactivated by acidification of other amino acids involved in salt 
bridges, and reduction of disulfide bonds. This probably explains the asymmetry of the bell-
shape curve in absence of pH control (Fig 4.9.1.a). In the molecular titration, the synthetic 
activity should appear at pH 3 for Crl while it was observed at pH 6 in these experiments. At 
this pH, the lipase active site possesses a net charge of –3 and partition could only explain 
the activity (Fig 4.9.1c). A low pH seems nevertheless to activate the enzymatic activity. The 
hypothesis of propionic acid acting as interfacial activator is unlikely because of its short acyl 
length and its nearly total water solubility (5 M). The protonation of the enzyme itself 
should explain the increase in activity but the attribution of the activation to specific 
residues is difficult. Hypothesis which could be envisaged are i) increasing the 
hydrophobicity of the active surface of the enzyme by diminishing the negative charges of 
carboxylic acids (but this also increases the positive charges of lysine and arginine residues), 
ii) decreasing the interactions between the lipase and alginate, via a calcium bridge 
(Alginate/calcium/enzyme complexes) or by direct interactions (Alginate/enzyme 
complexes) (c.f. 4.6), leading to lipase diffusion near the interface (as proposed by Frings et 
al. (1999)). This second hypothesis could be validated by the increase of activity at pH 5 or 
lower, which is also the isoelectric point of the Crl. In order to check these theories, further 
studies concerning the enzyme mobility in situ at different pH should be done in future. 
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4.9.4 Comportment of the alkaline Humicola lanuginosa lipase in the system 
The synthetic activity of HLL in the presence and absence of butylamine at different pH´s is 
given in Fig 4.9.4.c. 
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Fig 4.9.4.c: Activity of Humicola lanuginosa lipase in the presence and absence of butylamine in 
calcium-alginate beads immobilized at different pH´s. Activity is expressed as µmole ester synthesized 
per minute and per mg of alginate bead after 6 hours reaction at 30 °C. Reaction media was 25 mM 
propionic acid, 25 mM butylamine (if any), 50 mM butanol, 20 mM decane (internal standard) in 
hexane. HLL: Humicola lanuginosa lipase, HLL-BA: Humicola lanuginosa lipase in presence of 
butylamine. The same bead preparation for each pH was used with and without butylamine to 
overcome possible influences of the gel structure. 
The non-controlled pH curve corresponded to the left side (acid side) of a pH bell-shape 
curve. It was the first indication for a higher pH optima of the esterification by HLL: 
Compared with Crl, the pH drop was the same inside the bead but the resulting activity was 
lower (compared to the maximal activity observed), because of different ionisation states for 
the two enzymes. 
When pH was controlled, a similar curve to the one obtained with Crl (with strong 
inactivation) was observed, but activity was measured at pH 8.5 while it was detected at pH 
6 or lower with Crl. As propionic acid was in the same ionic state and in identical 
concentrations in both experiments, the explanation of this phenomenon by the ionisation 
state of the lipases is likely. 
A comparison with the work of Harper and co-workers (2000) Should be done. By the use of 
organo-soluble buffer, these authors showed that the of activity of Subtilisin Carlsberg (a 
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serine protease) in toluene and hexane was maximal when the amine/acid buffer ratio was 
maximal, i.e. the maximal activity is in the high pH range. The electrostatic surface potential 
of this enzyme could be obtained from the pdb file (1SCA). Treated by appropriate software 
(CHIME™, c.f. 3.4), it revealed a clear positive charge in the specificity pocket which could 
act also as electrostatic catapult for amines during peptide hydrolysis, and as electrostatic 
repulsion force during synthesis (at neutral and acidic pH). 
Consequently the molecular structure of an hydrolase and ionisation state of its catalytic site 
are able to predict optimal pH for synthetic applications. 
In the investigation system discussed in this work, an optimal pH below 4 was found. As 
shown by the non-pH-controlled curves, at lower pH, inactivation occurred. Nevertheless, 
the pH always became the same after a certain degree of partition and inactivation can’t be 
explained in this manner. At low pH, the partition of the acid in hexane is maximal and 
could lead to a substrate inhibition (Stamakis et al., 1995). The asymmetric shape of the pH 
dependency curve (for Crl and suspected for HLL) must be the resulting, in the basic side, of 
the de-protonation of the active site and of amino acids involved in the tertiary structure 
while the acid side should only correspond to the amino acids involved in structural features 
(the catalytic site is protonated). 
Neves Petersen and co-workers (2001) also underlined the importance of the ionisation state 
of the amphiphilic lid: Intra-molecular ion pairs between the lid and the lipase core stabilize 
the opening of the lid and allow higher activity. Protonation and de-protonation of the lid 
leads to lower activity because of the disappearance of these ion pairs. In the case of Crl, a 
single ion pair is observed between Lys75 and Glu71 when the complete lid/lipase core 
interface is positively charged in the open form (F in Fig 4.9.4.e, and A,C in Fig 4.9.4.d). In 
the closed form (E in Fig 4.9.3.e, and B,D in Fig 4.9.4.d), this ionic bridge is broken. 
Consequently at low pH, the lid should be closed and no activity should be observed. 
Martinelle and co-workers (1996) formulated the hypothesis that the stabilization of the 
open conformation by the salt bridge in HLL (G in Fig 4.9.4.f) is not a necessity to recover 
activity. Intermediates open conformations are also proposed by Jutila et al. (2000) to 
support this idea in a work with HLL: The Glu87 residue is supposed to form a ion bridge 
with the Arg83 (this is also predicted by Neves Petersen et al. (2001)). The interfacial 
activation leads to open the lid while the pH drop tends to close it by protonation of both 
acidic and basic amino acids. Nevertheless, in the case of acidification of the Glu71 or Glu87, 
no electrostatic repulsion should be observed (the acid is not charged, the amine is positively 
charged). The lid is only submitted to a Van-der-Waals interaction of low energy (4 kJ/mol) 
more compared to electrostatic attraction/repulsion force of the ion pair (in the 100 kJ/mol 
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range, varying in each case). Steric hindrances of single protons are minimal (1 Å radius) 
compared to the lid displacement and could be easily compensated by the hydrophobic 
adsorption of the lipase at the interface. Open and “half-open” conformations should be 
possible from the energetically point of view. Hydrogen bonds could even occur between the 
oxygen doublet of the C=O of the Glu71 (or Glu87) (E and G in Fig 4.9.4.e and 4.9.4.f, 
repectively) residue and the hydrogen of the amine function of Lys75 (or Arg84) to help the 
stabilization of the “half-opened” conformation. From these structural considerations, it 
appears that, even at low pH, the lid should be at least partially opened and activity revealed. 
The short alkyl chains of the substrates could also be important as they will have more 
facility to diffuse to the active site  than bigger substrates like oleic acid. A more complete 
thermodynamic and molecular study dynamic of the Crl at different pH in open 
conformation would confirm these structural propositions.  
 
Fig 4.9.4.d: Electrostatics surfaces of Candida rugosa lipases in open (A,C) and closed forms (B,D) 
based on 1Crl and 1Trh structures respectively. Blue density is proportional to positive charges (lysine 
and arginine amino acids), while red density is proportional to negative charges (aspartic and 
glutamic acid). Glycosylations are represented in red as their Van-der-Waals radius. A and B 
structure are oriented in a plane perpendicular to the interface (profile) while C and D in plane 
parallel to the interface. Dotted circles point out the “carboxyl rich” region at the interface. Arrows in 
A and C indicated the serine active site and in C the net charge of the catalytic site. (n.b.: the 
glycosylations in 1Crl and 1Trh are different but the core protein structure is identical) 
A 
B 
C D 
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Fig 4.9.4.e: Closed (E) and 
open (F) conformations of 
Candida rugosa lipase. The 
catalytic triad is labelled in 
red with the stick form. The 
GGGF motive of the 
oxyanion hole in yellow also 
in stick presentation. One 
could see the huge space in 
the catalytic pocket (in F) 
able to accept tert-
butylamine because of the 
absence of glycine side chain. 
Glu71 and Lys75 are 
indicated in yellow spheres 
under the dissociated (E) 
and associated (F) ion pair. 
Proteins are oriented at 
~45° of the interface plane. 
Fig 4.9.4.f: Closed conformation of Humicola
lanuginosa lipase (G). Colours scheme and
orientation are similar to (E) and (F). The 
proximity of the catalytic serine (ser146) and
the oxyanion hole (GS) doesn’t allow any space
for tert-butylamine. 
Glu87 and Arg84 are not in the ion pair form
in the closed conformation. 
E 
G 
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4.9.5 Inactivation by Butylamine 
As shown in figures 4.9.1.a and 4.9.4.c, in the presence of butylamine as pH control, the 
lipase activity is not totally recovered compared to non-controlled experiments. 
Hydrolytic activity (tributyrine hydrolysis) performed in the presence of 5-500 mM 
butylamine was not found to significantly affect the enzyme activity at pH 7.5. 
Competition with the propionic acid or butanol for the active site could be a first explanation 
but no products (butylpropionamide is the most likely to appear) were observed, probably 
because of their low solubility in hexane (log Pow of 1.075). The aliphatic chain and the 
positive charge of the amine could also lead to high affinity for the lipase active site and a 
difficult displacement by the acid. 
Regarding again to the three-dimensional structure of Crl and to acidic residues present at 
the lid/lipase core interface, the formation of ion pair between the butylamine and the lipase 
is possible. The lid could be completely closed by the presence of butylamine (forming an ion 
pair with Glu71) or simply partially affected, still revealing the active center. This is valid 
only for the lipases located at the interface where the dielectric constant is low (ε=1.9) and 
ion pairs are formed. The butylamine could also be fixed in the active site because of its alkyl 
chain and stay and/or react with amino acids present in the active site. Exchanging the 
butylamine in the reaction media for tert-butylamine was performed. Activity profiles at 
different pH is given in Fig 4.9.5.a. 
Crl was still strongly inactivated by tert-butylamine while HLL recovered its full activity at 
pH 4.5 and was even slightly activated (120 % at pH 3.8). The pH dependencies are similar 
to the ones obtained with butylamine generalizing the previous suppositions. It is not 
possible to produce reliable alginate beads at higher pH´s because of the calcium 
precipitation above pH 10 (because of the formation of calcium hydroxide).  
The mechanism of the inactivation is discussed regarding to the two lipases structures. 
The enzyme side presented at the interface present carboxylic functions for both lipases. 
Inactivation by ion pair formation with butylamine or tert-butylamine blocking the lid 
opening is not acceptable because it is only valid for the Crl not for the HLL where activity 
is recovered (B and D in Fig 4.9.4.d for Crl) 
Other structural features were investigated on the basis of the structural differences between 
butylamine and tert-butylamine: This last one presents a bulky side chain compared to the 
first one. 
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Fig 4.9.5.a: Activity of Crl and HLL in the absence and presence of butylamine or tert-butylamine 
immobilized at different pH´s. Activity is expressed as µmole ester synthesized per minute and per mg 
of alginate bead after 6 hours reaction at 30 °C. Reaction media was 25 mM propionic acid, 25 mM 
butylamine (if any), 50 mM butanol, 20 mM decane (intern standard) in hexane. Crl-BA: Candida 
rugosa lipase in the presence of butylamine, Crl-TBA: Candida rugosa lipase in the presence of tert-
butylamine; HLL-BA: Humicola lanuginosa lipase in the presence of butylamine, HLL-TBA: 
Humicola lanuginosa lipase in the presence of tert-butylamine. The same bead preparation for each 
pH was used with and without butylamine to overcome possible influences of the gel structure. 
The substrate specificity of Candida rugosa lipase towards tertiary alcohols (Franssen et al., 
1998) and esters (O´Hagan and Zaidi, 1994) is few described in literature. A structural 
explanation is proposed by Pleiss et al. (2000): the oxyanion of the Candida rugosa lipase is 
placed after a GGGX motif (X been the amino acid of the oxyanion hole, Phe125 in Crl). 
This loop has a high flexibility and low steric hindrance leading to the acceptance of bulky 
substrates and is represented by a yellow loop in Fig 4.9.4.e. The GGGX motive is not 
present in Humicola lanuginosa lipase which is not able to catalyze reaction involving tertiary 
alcohols or esters. The oxyanion hole is placed in a simple GX motive (X being a Ser172), 
also represented as a yellow loop in Fig 4.9.4.f. The distance between the catalytic serine and 
the oxyanion hole is also closer in HLL increasing the steric hindrances, i.e. preventing any 
intrusion of the bulky of tert-butylamine (Fig 4.9.4.e and 4.9.4.f) 
Candida rugosa lipase inhibition by butylamine (and tert-butylamine) is supposed to be the 
consequence of the interaction of the amine with the catalytic site by one of the three 
possibilities: 
!"Covalent linking with some of the lipase active site amino acid side chains 
!"Active site saturation by the amine, especially in the specificity pocket 
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!"The enzyme catalyses the synthesis of butylpropionamide which is too polar to be 
recovered in the hexane phase and is accumulated in the alginate bead. 
Controlling the pH in the investigated system is possible by the usage of amines. 
Nevertheless, theses ones are able to inhibit lipases presenting a large catalytic site, under 
the form of a flexible oxyanion hole. Interestingly, the pH optima for the ester synthesis was 
found to be as acidic as possible and was explained by both the charge of the acidic substrate 
and of the active site. 
4.10 Replacement of a lipase by an esterase 
The use of Candida rugosa lipase in the alginate/hexane system is not optimal for two 
reasons: i) Only a few fractions of the lipase located at the alginate/hexane interface present 
optimal activity (interfacially activated) ii) the lipase from Candida rugosa presents a GGGX 
motif which makes it sensitive to the tertiary amines used as pH-controller. 
Optimization of the system passes by the replacement of the Crl with another enzyme 
catalyzing the same reaction. Esterases are a classical alternative to lipases for reactions 
catalyzed in aqueous media.  
Lipases and esterases are classically serine hydrolases following the same mechanism, 
including the lack of enantioselectivity produced by the GGGX motif.  
A database research for esterases gave more than 2000 answers from all kinds of living 
organisms (including putative gene and non-cloned sequences) which are difficult to treat. 
Lot of these sequences are also extracted from exotic microorganism or animals. Looking for 
esterases presenting a GGGX sequence was unsuccessful because of the short size of the 
motif. Unfortunately, the lipase engineering database (www.led.uni-struttgart.de) doesn’t 
include any esterases up to date.  
Another important factor is the availability of the enzyme: it should be yet expressed and 
accessible easily for biotechnological processes. 
A systematic evaluation of commercial lipases was performed and is resumed in Table 4.10. 
It is interesting to notice the small number of serine esterases crystallized and commercially 
available compared to lipases.  
Bacterial esterases should be preferred, because of their availability in higher purity than the 
Saccharomyces one (∼100 to 400 Units/g against ∼2 Unit/g respectively). Another advantage 
of the Bacillus esterases is their ability to hydrolyze valeric acid ethyl esters. The reversible 
reaction should be possible as long as the diffusion of the ester produced inside the bead 
predominates over the hydrolytic reaction taking place in such high water activity system. 
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Esterase Source GGGX Sequence Protein Crystal 
Pig liver Roche yes Q29550 1MAH 
Rabbit liver Roche Yes Q12337 1MAH 
Bacillus subtilis 1 Fluka No   
Bacillus subtilis 2 Fluka No   
Bacillus thermoglucosidans Fluka ? ? ? 
Candida lipolytica Fluka ? ? ? 
Hog liver Fluka ? ? ? 
Mucor miehei Fluka ? ? ? 
Rhizopus oryzae Fluka ? ? ? 
Saccharomyces cerevisae Fluka No P41734 IAH1 
Bacillus sp. Fluka No  1C7I, 1C7J, 1QE3 
Streptomyces diastatochromogenes Fluka No JC6022 1ESC 
Bacillus stearothermophilus Fluka No Q0674, Q9JP86 ? 
Pseudomonas fluorescence JFC No Q51758, 
Q53547 
1AUO, 1AUR 
Table 4.10: Available commercial esterases and their characteristics regarding the GGGX motif, as 
obtained by the NCBI and Swiss-Prot databanks (15 August 2002). (JCF: Jülich Fine Chemicals). 
Substrate inhibition will probably also occur considering the strong partition of the 
substrates within the gel matrix, specially in presence of amines as pH controllers, and 
preliminary experiments with esterases to determine the existence of a synthetic activity 
should be done at low concentrations. 
Another alternative will be the use of cutinase form Fusarium solanum pisi (3.1.1.74) (P00590, 
1CUS) which is a hydrolytic protein presenting a similar structure to lipase (α/β-fold) but 
presenting a lack of interfacial activation (and is not doted of a lid structure). Huge 
structural background is accessible as shown by the 37 crystallized structures in the 
presence of various inhibitors (phosphonates) or of mutated proteins. Substrate specificity is 
broad, from cutine (phenylpropanoides) to short-chain fatty acid esters (p-nitrophenyl 
substituted, Gonçalves et al., 2000). Regarding the three-dimensional structure, the 
electrostatic potential around and in the active site is acidic (negatively charged) and a 
similar electrostatic catapult mechanism could be expected (Neves Petersen et al., 2001). No 
GGGX motif is found in the amino acid sequence (the oxyanion hole is a GS motif) and 
consequently pH regulation by tert-butylamine should be suitable. The long time use of 
cutinase in heterogeneous biocatalysis will makes it preferable to more unknown esterases. 
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5 SUMMARY AND PERSPECTIVES 
During this work it was shown how an apparently simple system like calcium-alginate beads 
in hexane could present unexpected behavior. 
First of all, calcium-alginate was not found to be the stable polymer it is usually claimed to 
be, showing strong dependencies of pH, by the way of the propionic acid diffusion. The 
network alteration leads to a contraction of the structure and water release from the matrix 
core. 
This so-called “water drop” forms a lyotrophic mixture in the presence of a cationic 
surfactant and of the calcium which is released from the aqueous phase. Controlling the pH 
inside the beads, by other means than increasing the buffer capacity was investigated. 
A parallel study led to the synthesis of an amphiphilic phosphonate able to accumulate at the 
bead interface and inhibit enzyme activity locally. With this inhibitor, it was found that the 
inhibition capacity is independent of the enzyme loading, i.e. that the active enzyme is the 
one found at the surface. Trials to determine the penetration of the inhibitor in the beads by 
building a fluorescent inhibitor was unsuccessful because of the non-availability of 
fluorescent dye structures soluble in hexane. Residual activity was nevertheless suspected to 
be the result of the gel contraction, leading to the presentation of new enzyme molecules 
into the interface. 
Calcium-alginate beads are also shown to present ionic exchange characteristics with 
charged amino groups. The heterogeneity in white egg albumin repartition observed by 
Heinemann and co-workers (2002) could be explained by this way. Ionic interactions 
between the enzyme and its support explain also the activity loss observed when more 
homogeneous beads were produced at higher calcium concentrations: with the same enzyme 
content, the lipase repartition should be more homogeneous and consequently fewer lipase 
molecules are present at the interface, i.e. fewer lipase molecules are effectively active. This 
should be nevertheless totally confirmed by fluorescence studies.  
In order to control the pH, addition of amines, forming strong ion pairs with the acidic 
substrate was found to be suitable if the ion pair could be solubilized again in the solvent, 
with the co-substrate for example (butanol in our case). The triad propionic 
acid/butanol/(tert)-butylamine was found to be optimal when the proportions 1/2/1 were 
applied. It should be emphasized that the ion pair was not dissociated but diffused inside the 
alginate spheres as a single molecule. 
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Nevertheless, butylamine and tert-butylamine lead to a strong inactivation of the Candida 
rugosa lipase, while only butylamine inactivated the lipase from Humicola lanuginosa. The 
oxyanion hole of this second enzyme was found to be composed of a GX motive presenting a 
lack of mobility and strong steric hindrances compared to the Candida rugosa lipase where 
the oxyanion hole is composed of a GGGX loop of high mobility leading to a broad range of 
substrate acceptances, especially tertiary acids and esters. 
In pH-controlled systems, the optimal pH was found to be totally acidic. The partition of 
acidic substrates into the hexane phase was maximal at low pH-values because of their 
protonation. Efficient substrate for the enzyme was found in the hexane phase. 
The partition was not the only parameter influenced by the pH which explains variations in 
activity. A proposed pH-dependency model based on the molecular structure of enzymes 
derivated from the work of Neves Petersen and co-workers (2000) is proposed: The 
protonation of both active sites of the enzyme and acidic substrate decreases the electrostatic 
repulsion near the catalytic serine residue and should increase the affinity of the acid for the 
enzyme, i.e. leading to high activity. This is the first protein structure-activity relationship 
proposed for an immobilized enzyme system. 
For further work the substitution of Crl for a well known non-interfacial hydrolase 
presenting a GX motive in the oxyanion hole as model esterase (i.e. without interfacial 
activation) is proposed. Evaluation of the penetration of amphiphilic molecules should, as a 
quantitative localization of the lipase (or cutinase) within the alginate sphere, be key-points 
to confirm these theory before scaling-up this two-phase system. 
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Fig 5.1 Proposed mechanism of the ester synthesis by Candida rugosa lipase entrapped a in calcium-
alginate hydrogel. Spheres represent the different lipases states: 0 or – indicate the net charge of the 
active site, * indicate an active enzyme molecule (i.e. at the interface); full arrows correspond to main 
direction of partition and activity while dotted ones represent the negligible partition or activity. 
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Annex 1: Physical properties of various solvents used 
Solvent Molecular 
weight [Da] 
Log Pow [-] Density [g/ml] Temperature of ebullition 
[°C] 
Hexane 86.18 3.90 0.66 68-70 
Cyclohexane 84.16 3.80 0.778 80-81 
n-Bromohexane 165.08 3.44 1.173 154-156 
Chlorocyclohexane 118.61 3.36 1.00 141-143 
Bromocyclohexane 163.06 3.20 1.335 48-51 (10 Torr) 
Octanol 130.23 3.07 0.82 193-195 
Hexanol 102.18 2.03 0.82 157 
Chloroform 119.38 1.97 1.48 61 
Dichloromethane 84.93 1.25 1.32 40 
1,2-Dichloroethane 98.96 1.25 1.25 82-84 
Butanol 74.12 0.84 0.81 117 
Ethanol 46.07 -0.30 0.81 80 
Methanol 32.04 -0.74 0.79 64-65 
 
Data were obtained from the commercial suppliers or from the Physprop database 
(http://esc.syrres.com) 
Annex 2: Contribution method 
 
- 148 - 
 
Annex 2: Contribution method for the determination of the log Pow 
More Information could be found at: http://esc.syrres.com/ 
For linear molecules, the log Pow could be estimated by addition of specific coefficients 
corresponding to the chemical groups (methyl, ethyl, amine, etc). Some examples are given 
in the following table: 
Chemical function Contribution 
Methyl (CH3) + 0.5473 
Ethyl (CH2) + 0.4911 
Carboxylic acid (COOH) - 0.6895 
Amide (CONH) - 0.5236 
Amine (NH2) - 1.4148 
Correction + 0.2290 
 
The following calculations are performed for propionic acid, butylamine and the theoretical 
ion pair: 
Propionic acid:  CH3-CH2-COOH  0.5473 + 0.4911 - 0.6895 + 0.2290 
Butylamine:  CH3-CH2-CH2-NH2  0,5473 + 0,4911 x 2 -1,4148 + 0.2290 
Combination of the ion pair of butylamine and propionic acid 
CH3-CH2-COOH-NH2-CH2-CH2-CH2-CH3 
0.5473 x 2 + 0.4911 x 4 – 0.6895 – 1.4148 + 0.2290 = 1.1837 
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Annex 3: Chemical formula of the various molecules used and synthesized 
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(1): Methyl-umbelliferone butyrate, (2): Methyl-umbelliferone, (3): Propionic acid, (4): 
Pyrene butanol, (5): Dodecyl,p-nitrophenyl, hexyl phosphonate, (5a): Di-p-nitrophenyl, 
hexyl phosphonate, (5b): Di-dodecyl, hexyl phosphonate, (6): Pyrene butanol, p-nitrophenyl, 
hexyl phosphonate, (7): (N-dansyl-amino hexanol), p-nitrophenyl, hexylphosphonate. 
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